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The nucleoprotein structure of telomeres from Euplotes crassus was studied by using nuclease and chemical
footprinting. The macronuclear telomeres were found to exist as DNA-protein complexes that are resistant to
micrococcal nuclease digestion. Each complex encompassed 85 to 130 base pairs of macronuclear DNA and
appeared to consist of two structural domains that are characterized by dissimilar DNA-protein interactions.
Dimethyl sulfate footprinting demonstrated that very sequence-specific and salt-stable interactions occur in the
most terminal region of each complex. DNase I footprinting indicated that DNA in the region 30 to 120
base-pairs from the 5' end lies on a protein surface; the interactions in this region of the complex are unlikely
to be sequence specific. A 50-kilodalton telomere-binding protein was isolated. Binding of this protein protected
telomeric DNA from BAL 31 digestion and gave rise to many of the sequence-specific DNA-protein interactions
that were observed in vivo. The telomeric complexes from E. crassus were very similar in overall structure to
the complexes found at Oxytricha telomeres. However, telomeric complexes from the two ciliates showed
significant differences in internal organization. The telomeric DNA, the telomere-binding proteins, and the
resultant DNA-protein interactions were all somewhat different. The telomere-binding proteins from the two
ciliates were found to be less closely conserved than might have been expected. It appears that the proteins are
tailored to match their cognate telomeric DNA.

Telomeres are the natural ends of chromosomes, and as
such they consist of the most terminal DNA sequence and
the associated chromosomal proteins. The DNA component
of telomeres has been studied extensively. Nuclear telo-
meres from humans, plants, and unicellular eucaryotes all
contain short tandemly repeated DNA sequences with a
C-rich strand at the 5' end and a G-rich strand at the 3' end
(1, 5, 25, 32). The telomeric repeats from different organisms
are similar but frequently not identical in sequence (5), and
in some (if not all) organisms the 3' strand is longer than the
5' strand (15).
Although telomeric DNA-binding proteins have been de-

tected in a number of organisms (including yeast, Physarum,
Tetrahymena, Oxytricha, and now Euplotes species), only a
couple of these proteins have been characterized to any
extent (3, 4, 6, 8, 12, 28). The best-characterized telomere-
binding protein is from the ciliate Oxytricha nova. The
Oxytricha protein is a 98-kilodalton (kDa) heterodimer with
subunits of 55 and 43 kDa (29). The purified protein binds in
vitro with great specificity to the (T4G4)2 extension on the 3'
strand (12, 28, 30), giving rise to many of the DNA-protein
interactions that are detected in vivo by chemical footprint-
ing (28).

Oxytricha telomeres are discrete DNA-protein complexes
that encompass 100 to 150 base pairs (bp) of DNA (11). The
complexes seem to have two structural domains that are
characterized by their dissimilar DNA-protein interactions
(28). In the most terminal region, binding of the 98-kDa
telomere protein dimer results in very sequence-specific and
salt-stable interactions (12, 28). In the more internal portion
of the complex (45 to 135 bp from the 5' end), the DNA lies
on the surface of protein molecules. The DNA-protein
interactions in this region are neither sequence specific nor
salt stable; the protein components have not been identified
(28).
Although the structure of the Oxytricha telomeric complex

is now fairly well defined, it is not clear what role the various

structural features play in ensuring that the 5' ends of linear
macronuclear DNA molecules are replicated fully. Presum-
ably, binding of the 98-kDa telomere protein is what confers
stability to the macronuclear DNA molecules, as degrada-
tion and end-to-end joining of the telomeric DNA will be
prevented (12, 28). Since telomeric DNA sequences are very
conserved, it seems likely that the functionally important
features of telomere structure will also be conserved. Thus,
structural comparison of Oxytricha telomeres with telomeres
from other organisms should reveal much about the relative
importance of the various features of a telomere. For this
reason, I have initiated studies of telomere structure in a
second organism, Euplotes crassus.

Ciliates such as Oxytricha and Euplotes species are par-
ticularly suited for studies of telomere structure and function
because they have an unusually large number of telomeres.
In the macronucleus, the DNA occurs as small gene-size
molecules (16, 27). The number and size of these molecules
vary between hypotrich species, but usually more than 2 x
107 molecules are present per macronucleus. In 0. nova the
number average size is 2,200 bp (39), so over 10%o of the total
DNA is part of a telomeric complex.

Oxytricha and Euplotes telomeric DNAs show both simi-
larities and differences in sequence and organization (17; see
Fig. 3E). In both organisms, the telomeric DNA consist of a
defined number of copies of the sequence C4A4-T4G4. In E.
crassus there are 28 bp of this double-stranded repeated
sequence, whereas in 0. nova there are only 20 bp. E.
crassus has a 14-base extension on the 3' strand, whereas 0.
nova has a 16-base extension. E. crassus has a further 5 bp
of conserved sequence 17 bp internal to the C4A4T4G4
repeats (17); this 5-bp region may be part of the sequence
that directs chromosome fragmentation during macronuclear
development (2). An equivalent conserved region has not
been found in 0. nova.
Although Oxytricha and Euplotes species are both classi-

fied as hypotrichous ciliates and show similarities in mor-
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phology and macronuclear organization (9, 16), these organ-
isms are now thought to be fairly distantly related.
Comparison of the small-subunit rRNAs from Euplotes
aediculatus and 0. nova demonstrated considerable diver-
gence in sequence (36). On the basis of this sequence
divergence, it appears that the relationship between Eu-
plotes and Oxytricha species is similar to that between
Paramecium and Tetrahymena species (35). Differences in
codon usage are a further indication of the evolutionary
divergence between Euplotes and Oxytricha species. In most
ciliates, TGA is the sole stop codon. TAA and TAG are not
used as stop codons; instead, they code for glutamine and
glutamic acid (21). Euplotes species are the only ciliates
known to use TAA as a stop codon (14, 24).

In this report, I present information about telomeric
chromatin structure and telomere-binding proteins from E.
crassus. I demonstrate that Euplotes telomeres exist as
nucleoprotein complexes which are very similar in overall
structure to the telomeric complexes found in 0. nova.
However, the telomeric complexes from the two ciliates
differ in the component proteins and in the resultant DNA-
protein interactions. The difference in the telomere proteins
emphasizes the evolutionary distance between Oxytricha
and Euplotes species.

MATERIALS AND METHODS

Culturing of E. crassus and 0. nova. E. crassus was grown
on Dunaliella salina, using a modification of the procedure
described by Roth et al. (33). Algae grown in 20-liter carboys
were inoculated with E. crassus and grown with aeration and
illumination until the algae were depleted. The cultures were
then fed at 2-day intervals with 7 to 10 g of Escherichia coli.
The Euplotes cells were isolated 1 to 2 days after the second
feeding. 0. nova was grown in nonsterile culture with live
Chlorogonium sp. as the food source (38).

Isolation of macronuclei. Euplotes cells were washed twice
with 5 mM Tris (pH 7.5)-5 mM MgCl2, the cells were
suspended in the same buffer, and Triton X-100 was added to
0.5%. Protease inhibitors were added to give a final concen-
trations of 0.1 mM phenylmethylsulfonyl fluoride (PMSF),
0.1 mM tolylsulfonyl phenylalanyl chloromethyl ketone
(TPCK), and 1 mM p-chloromercuribenzenesulfonic acid.
Where necessary, macronuclei were released from the burst
cells by homogenization with a Dounce homogenizer. The
efficiency of cell lysis varied greatly from culture to culture.
The macronuclei were purified by the procedure described
by Swanton et al. (38). Oxytricha macronuclei were isolated
as previously described (28, 38).

Micrococcal nuclease and DNase I digestion. Macronuclei
were suspended in TMS (10 mM Tris [pH 7.5], 10 mM
MgCl2, 3 mM CaCl2 0.25 M sucrose) to a final concentration
of 3.3 x 106/ml. After addition of micrococcal nuclease, the
nuclei were incubated at 37°C for the desired length of time.
After addition of DNase I, the nuclei were incubated at 25°C
for 10 min. Digestion was stopped by adding EDTA to 25
mM and sodium dodecyl sulfate (SDS) to 0.5%. The DNA
was then isolated as previously described (28). Deprotein-
ized DNA (100 ,ug/ml) was digested by using the conditions
described above. The DNA was deproteinized by treatment
with SDS and proteinase K, followed by phenol-chloroform
extraction.

Gel electrophoresis and Southern blot analysis. The proce-
dures were performed as described previously (11, 18-20,
28).

Footprinting with DMS. Methylation with dimethyl sulfate

(DMS) was performed as previously described (28). Live
Euplotes cells (suspended in seawater), macronuclei, and
deproteinized DNA were treated with 10 mM DMS at 25°C.
Methylation was stopped by addition of one-fifth volume of
2.5 M 2-mercaptoethanol-2.5% SDS. DNA from the lysed
cells or macronuclei was ethanol precipitated, and the DNA
was purified. To examine the salt stability of the DMS
footprint, macronuclei were suspended in 1 or 2 M NaCl for
2 h at 4°C. Subsequent treatment with DMS was as described
above.
DNA was labeled at the 3' end, using 32P-labeled 3'-

deoxyadenosine and terminal deoxynucleotidyltransferase.
Labeling of the 5' strand is described in Results. DNA was
cleaved at methylated G residues by heating in 1 M piperi-
dine for 30 min at 90°C (22, 23). To cleave at methylated G
and A residues, the DNA was heated in 20 ,ul of 10 mM
sodium phosphate buffer (pH 7.0)-i mM EDTA for 15 min at
90°C. Then 2 RI of 1 M NaOH was added, and the sample
was heated for 30 min at 90°C (37). The cleavage products
were analyzed by electrophoresis through either sequencing
gels or high-resolution sequence-suppressing gels.

Isolation of the Oxytricha and Euplotes telomere proteins.
Macronuclei were incubated in 2 M NaCl-10 mM Tris (pH
8.0)-0.1 mM PMSF-0.1 mM TPCK for 2 h at 4°C. The
insoluble material was removed by centrifugation, and the
supernatant was loaded on a Bio-Gel A15M gel filtration
column. The DNA-containing fractions were collected, the
salt was removed by dialysis, and the DNA was digested
with 0.5 U of micrococcal nuclease per ml. The remaining
telomere protein was trichloroacetic acid precipitated and
examined by electrophoresis on SDS-polyacrylamide gels.
BAL 31 digestion. Column fractions containing DNA and

the 50-kDa protein were dialyzed to remove the salt. Then
Sx BAL 31 buffer (3 M NaCl, 62 mM CaCl2, 62 mM MgCl2,
5 mM EDTA, 100 mM Tris [pH 8]) and 1 ,ug of HaeIII-
digested XX DNA were added to a sample of the dialyzed
column fractions or to an equivalent sample of deproteinized
DNA. After addition of BAL 31, the samples were digested
at 30°C. Samples were removed at 2.5- to 40-min intervals,
and EDTA and SDS were added to stop the digestion.

RESULTS

Detection of a DNA-protein complex at Euplotes macronu-
clear telomeres. The chromatin structure of Euplotes telo-
meres was examined by nuclease footprinting. Isolated
macronuclei or deproteinized macronuclear DNA were di-
gested with micrococcal nuclease. The DNA was isolated,
separated by electrophoresis in agarose gels, and visualized
with ethidium bromide (Fig. 1A). The DNA was then capil-
lary blotted to nylon membrane, and telomeric DNA frag-
ments were identified by hybridization with 32P-labeled
(C4A4)2 (Fig. 1B).

Ethidium bromide staining of the micrococcal nuclease-
digested macronuclei revealed a canonical nucleosome re-
peat pattern (Fig. 1A). The average nucleosome size was 160
to 170 bp. This is somewhat smaller than the 190-bp repeat
observed for Euplotes eurystomus (7). When telomeric DNA
fragments were identified by Southern blot, a repeating
pattern with 160 to 170 bp per repeat was again observed
(Fig. 1B). However, the telomeric DNA fragments were
interspersed between the ethidium bromide-stained frag-
ments and had average sizes of approximately 110, 275, 440,
605, etc. bp. Digestion of deproteinized Euplotes DNA with
micrococcal nuclease resulted in a smear in both the ethid-
ium bromide-stained gels and the blots.

3422 PRICE



STRUCTURE AND COMPOSITION OF EUPLOTES TELOMERES

A

-"a7.- MAO- oNUCLE I, 102 2__

. C5I z2

B

-5 1
.. ''.7,~25 5 10

-1352

- 1078

- 872

- 603

- 492

-369

I- 44

FIG. 1. Protection of Euplotes telomeres from micrococcal nuclease digestion. Deproteinized DNA was digested with 0.01 U of
micrococcal nuclease per ml; macronuclei were digested with 2 U/ml. The DNA was isolated, separated by electrophoresis in 2% agarose gels,
and stained with ethidium bromide. After transfer to nylon membrane, the telomeric DNA was detected by hybridization with 32P-labeled
(C4A4)2. (A) Ethidium bromide staining of DNA from nuclease-digested DNA and macronuclei. The duration of nuclease digestion (in
minutes) is shown above each lane. Lanes M contain size markers. (B) Southern blot of nuclease-digested DNA and macronuclei. The
duration of nuclease digestion is shown above each lane. Size (in base pairs) and positions of marker DNA are indicated to the right of each
panel.

The nuclease resistance of telomeric DNA within macro-
nuclei suggests that Euplotes telomeres are part of a pro-
tected complex. This telomeric complex is too small to
consist of a complete nucleosome because only 85- to 130 bp
ofDNA was resistant to the nuclease. The digestion ofDNA
adjacent to the telomeric complex at intervals of approxi-
mately 165 bp suggests that this region of each macronuclear
DNA molecule is packaged into phased nucleosomes. Thus,
the digestion pattern shown in Fig. 2 reflects cleavage either
between nucleosomes or between the telomeric complex and
the first nucleosome.
The pattern of digestion shown in Fig. 1 is essentially

identical to the pattern observed when equivalent experi-
ments were performed with 0. nova (11). Oxytricha telo-
meres are known to exist as a nuclease-resistant DNA-
protein complex; the adjacent DNA is packaged into phased
nucleosomes. Side-by-side comparison of the DNA pro-
tected from nuclease digestion in Euplotes and Oxytricha
species showed that the telomeric complexes from the two
species are very similar in size (data not shown). In an
attempt to determine the exact length of DNA protected by
the Euplotes complex, the DNA fragments were separated in
nondenaturing acrylamide gels and analyzed by Southern
blot hybridization. Telomeric fragments of uniform length

were not observed; instead, a smear in the size range of 16 to
130 bp was obtained. Apparently, once the DNA adjacent to
the telomeric complex is cleaved by micrococcal nuclease,
the exonuclease activity of the enzyme gradually degrades
the telomeric DNA. This degradation was not apparent in
Fig. 1B because DNA of less than 100 bp was not resolved.

Structural analysis of the Euplotes telomeric complex by
DNase I footprinting. The internal structure of the telomeric
complex was examined by nuclease footprinting with DNase
I. Isolated macronuclei and deproteinized macronuclear
DNA were digested with DNase I, and the DNA was
isolated and separated by electrophoresis in denaturing
polyacrylamide gels. The DNA was then transferred to
nylon membrane, and telomeric DNA fragments from the 5'
strand were detected by hybridization with 32P-labeled
(T4G4)4. To ensure that a full 28 bp of the probe hybridized
to the 28 bp of C4A4 at the telomere, hybridization and
washing were performed at 49 and 64°C, respectively. Hy-
bridization of short portions of the probe at various places
along the C4A4 repeats would have obscured the details of
the digestion pattern.

Digestion of deproteinized DNA resulted in some se-
quence- or structure-specific cleavage in the region 30 to 50
bp from the 5' end; larger digestion products showed no
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FIG. 2. DNase I digestion of Euplotes macronuclei. Macronuclei and deproteinized DNA were digested with DNase I; the DNA was
isolated, electrophoresed through denaturing polyacrylamide gels, and transferred to nylon membrane. Telomeric DNA was detected by
hybridization with 32P-labeled (T4G4)4. (A) Low-resolution 6% polyacrylamide gel. The amount of nuclease used per digestion is shown above
each lane (indicated as 103 units per milliliter). Lane M contains size markers; the sizes (in base pairs) are shown at the left. Arrows mark
the DNase I-hypersensitive sites; brackets mark the cleavage maxima of the repetitive cleavage pattern. (B) 8% sequencing gel. Lanes: D,
DNase I-digested DNA; M, DNase I-digested macronuclei; A, C, G, and T, sequence ladders generated with M13 DNA. (C) Densitometric
scan of lane 40 of the autoradiogram shown in panel A. (D) Positions of maximum DNase I cleavage were determined from densitometric
scans of Southern blots and plotted against the repeat number. The line drawn through the points is the least-squares fit of the data from three
separate experiments. The standard deviation of the data is shown by the vertical bar; bars are not visible where the standard deviation is
less than the width of the point. The slope has a value of 10.15 bases per repeat.

specific banding pattern (Fig. 2A). The exact positions of the
main hypersensitive sites (marked with arrows) were deter-
mined by separating the digested DNA on sequencing gels; a
sequence ladder of M13 DNA provided markers (Fig. 2B).
The most prominent hypersensitive site was 45 bp from the
5' end; this site corresponds to the first T in the TTGAA
conserved sequence that lies 17 bp internal to the C4A4
repeats. Additional cleavage was seen 44, 49, and 50 bp from
the 5' end.

Digestion of macronuclei with DNase I resulted in a
repetitive cleavage pattern in the region 30 to 120 bp from the
5' end. The cleavage maxima are marked with brackets in
Fig. 2A. Several sites of DNase hypersensitivity are appar-
ent 45 to 50 bp from the 5' end (marked with arrows). These
hypersensitive sites are superimposed on the repetitive
cleavage pattern. The hypersensitive sites aligned exactly
with the hypersensitive sites seen in the deproteinized DNA
digests (Fig. 2B).
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To determine the periodicity of the repetitive cleavage
pattern, the positions of the cleavage maxima were deter-
mined by scanning autoradiograms (such as the ones shown
in Fig. 2A and B) with a Hoeffer densitometer (Fig. 2C). The
gels, and hence the densitometer scans, do not show good
single-base resolution because the macronuclear DNA was
of mixed sequence. Consequently, the positions of maxi-
mum DNase I cleavage were determined by comparing the
densitometer scans of DNase I-digested DNA with scans of
marker DNA of known size that was run on the same gel.
The positions of maximum DNase I cleavage were then
plotted against the repeat number, and the periodicity of
cleavage (the slope) was found to be 10.15 bp (Fig. 2D).
When DNA lies on a surface (protein or crystalline), DNase
I cleavage occurs with a periodicity that reflects the helical
repeat of the DNA, i.e., 10 to 10.5 bp (19, 31). Thus, the
repetitive digestion pattern shown in Fig. 2 suggests that a
portion of the DNA within the Euplotes telomeric complex
lies on a protein surface.
The pattern of DNase I digestion shown in Fig. 2 is very

like the pattern seen when analogous experiments were
performed with Oxytricha cells (28). In Oxytricha cells,
DNA in the region 45 to 135 bp from the 5' end was cleaved
at intervals of 10.27 bp. This repetitive digestion pattern was
thought to reflect the positioning of the DNA on the outside
of a protein surface. Thus, it appears that the overall
structures of Euplotes and Oxytricha telomeric complexes
are very similar. The main difference revealed by the DNase
I footprinting is that in Euplotes cells the repetitive cleavage
pattern starts only 2 to 7 bp internal to the C4A4 telomeric
repeats, whereas in Oxytricha cells the distance is 20 to 25
bp.

It is interesting that in Euplotes cells, the DNase I hyper-
sensitivity on either side of the conserved TTGAA sequence
is retained when the DNA is packaged into the telomeric
complex. There must be a small sequence-related change in
DNA structure which can be detected by enzymes even
when the DNA is packaged into chromatin (10). Maybe the
enzymes that act at this site during chromosome fragmenta-
tion recognize the slight change in DNA structure (2).

Detection of sequence-specffic DNA-protein interactions
within the Euplotes telomeric complex. The methylating re-
agent DMS was used to probe for sequence-specific interac-
tions between protein and G or A residues both in the
terminal T4G4 and C4A4 repeats and in the 5-bp conserved
TTGAA-AACTT sequence. Living cells, isolated macronu-
clei, and deproteinized DNA were treated with DMS; the
DNA was isolated, 3' or 5' end labeled, cleaved at methyl-
ated A or G residues, and analyzed by electrophoresis in
sequencing gels.

Figure 3A shows the pattern observed when the DNA was
3' end labeled and cleaved at methylated G residues by using
piperidine. The DNA from DMS-treated cells and macronu-
clei showed strong methylation protection at three G resi-
dues in the 3' G2T4G4T4 tail. Some methylation protection
was also apparent at the second G residue in the 3' tail.
However, the amount of protection seen at this residue
varied between experiments.

In DMS-treated cells, the overall pattern of methylation at
the most 3' set of G residues in the double-stranded region
was different from the pattern observed with DMS-treated
control DNA. Although the changes in the methylation level
at these G residues were quite small, they were very
reproducible. On the basis of densitometer scans of multiple
gels, the best interpretation of the data is that G17 and G18
display methylation protection and G15 displays slight meth-

ylation enhancement. Examples of the densitometer scans
are shown in Fig. 3D. The amount of methylation protection
and enhancement seen at G15, G17, and G18 is more obvious
in cells than in macronuclei, suggesting that some DNA-
protein interactions were disrupted during isolation of the
nuclei. No methylation protection or enhancement was seen
at G residues elsewhere in the double-stranded region of the
telomeric DNA.
The control experiment illustrated in lane CON 2 of Fig.

3A showed that the DMS methylation protection (enhance-
ment) of G residues in the 3' strand was mediated by protein.
No methylation protection (enhancement) was apparent
when macronuclei were incubated with 0.5% SDS and
proteinase K for 30 min before DMS treatment. The meth-
ylation protection observed with cells and nuclei could have
resulted either from direct interaction of protein with the
relevant G residues or from DNA-DNA interactions that are
stabilized by protein (e.g., Hoogstein base pairs resulting
from folding back of the 3' tail would cause the N7 of some
G residues to be inaccessible to DMS).

Euplotes cells were almost unaffected by a 5-min incuba-
tion of DMS. The extremely sturdy pellicle probably retards
entry of DMS into the cells. This would explain why cells
had to be incubated with DMS for 10 to 2 min in order to see
methylation protection, whereas macronuclei required a
shorter exposure.

Piperidine treatment of DNA caused a low level of back-
ground cleavage at G residues in the absence of DMS (Fig.
3A, lane CON 1). The extent of this cleavage was very much
less than the extent of cleavage obtained after DMS treat-
ment. Moreover, the extent of background cleavage was the
same for DNA samples from cells, macronuclei, and depro-
teinized DNA.
The Euplotes protein(s) responsible for much of the meth-

ylation protection pattern appeared to bind to the 3'
G2T4G4T4G4 tail in a very salt-stable manner, since it was
not dissociated by treatment with 2 M NaCl. Incubation of
macronuclei in 0, 1, or 2 M NaCl before DMS treatment
resulted in essentially the same pattern of methylation pro-
tection (Fig. 3B). The addition of 2 M NaCl slightly altered
the DMS reactivity of G residues in the double-stranded
C4A4.T4G4 repeats of deproteinized DNA. As a result,
DMS-treated DNA and macronuclei gave rise to very similar
methylation patterns in the double-stranded region. Conse-
quently, it was not possible to tell whether 2 M NaCl affected
the interactions between protein and G residues in this
region of the Euplotes telomeric complex.
DMS footprinting was used to seek sequence-specific

interactions between telomere-binding protein(s) and A res-
idues on the 5' C4A4 strand. After treatment of macronuclei
with DMS, the macronuclear DNA was isolated and depro-
teinized. The DNA was then 5' end labeled and cleaved at G
and A residues. Labeling of the 5' strand was achieved by
hybridizing the oligonucleotide (C4A4)2 to the 3' tail of the
purified macronuclear DNA and then ligating the oligonucle-
otide to the 5' end of the DNA; the resulting protruding 5'
end was labeled with [32P]ATP and T4 polynucleotide ki-
nase. This procedure was used to label the 5' strand because
only a small (possibly unrepresentative) fraction of the
natural 5' ends could be labeled by T4 polynucleotide kinase
despite attempts to remove the 3' tail with T4 DNA poly-
merase before the labeling step.
The patterns of A methylation were very similar after

treatment of cells, macronuclei, or deproteinized DNA with
DMS (Fig. 3C). Thus, within the telomeric complex, there
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FIG. 3. DNA-protein interactions within the Euplotes telomeric complex detected by DMS methylation. (A) Living cells, macronuclei,
and deproteinized DNA were treated with DMS. The DNA was isolated, 3' end labeled, cleaved at G residues, and separated by
electrophoresis in sequencing gels. The duration ofDMS treatment (in minutes) is shown at the top of each lane. Control lane 1 (CON 1) shows
the amount ofG cleavage obtained when macronuclei were incubated for 10 min at 25°C in the absence ofDMS. Control lane 2 (CON 2) shows
the effect of treating macronuclei with proteinase K and 0.5% SDS before DMS treatment. (B) Macronuclei and deproteinized DNA were
treated with DMS in the presence of various concentrations of NaCl. The DNA was 3' end labeled and cleaved at G residues. The molar
concentration of NaCl used is shown at the top of each lane. (C) Living cells, macronuclei, and deproteinized DNA were treated with DMS
for 10 min. The DNA was isolated, 5' end labeled, and cleaved at G and A residues. Lanes: Dl, deproteinized DNA, no DMS; D2,
deproteinized DNA plus DMS; C, cells plus DMS: M, macronuclei plus DMS. (D) Densitometric scans of an autoradiogram showing cleavage
at G residues obtained after DMS treatment of macronuclei or deproteinized DNA and 3' end labeling of the isolated DNA. (E) Comparison
of DMS methylation within Euplotes and Oxytricha telomeric complexes. In panels A and E, G residues that show strong, consistent
methylation protection are marked O, G residues that show variable protection are marked 0, G residues that show slight but consistent
methylation protection are marked U, and G residues that show slight methylation enhancement are marked O.

does not seem to be any interaction between protein and A
residues in the minor groove of the telomeric DNA.

In Fig. 3C, there is a position of heavy cleavage (marked
with an arrow) that appears to be about 19 bp internal to the
telomeric repeats. A corresponding light region is apparent
at this position in Fig. 3A and B. The methylation pattern in

this region was examined more closely by separating the 5'
end-labeled DNA fragments on sequence-suppressing gels.
These gels allow DNA of mixed sequence to be separated
with single-nucleotide resolution solely on the basis of size
(19). The sequence-suppressing gels confirmed that the po-
sition of heavy cleavage is 19 bp internal to the C4A4 repeats
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and corresponds to the G residue in the 5-bp conserved
TTGAA sequence (Fig. 3D). When the methylation patterns
from cells, macronuclei, and deproteinized DNA were com-
pared, no differences were apparent at the conserved G or at
the two conserved A residues (data not shown).

Sequence-suppressing gels were also used to separate
fragments of 3' end-labeled DNA that had been cleaved at G
and A residues. After DMS treatment, the methylation
patterns from cells, macronuclei, and deproteinized DNA
were not significantly different (data not shown). This finding
suggests that the 3' strand has no minor groove interactions
between protein and A residues in the 5-bp conserved
sequence. Sequence-suppressing gels tend to give rather
fuzzy bands, so small differences in intensity would not have
been detected. It is not particularly surprising that no
sequence-specific interactions were detected between pro-
tein and the conserved 5 bp, since this sequence is within the

region of the telomeric complex where the DNA is lying on
a protein surface.

Identification of a telomere-binding protein. The DNA-
protein interactions in the most terminal region of the
telomeric complex were not destroyed by 2 M NaCl (Fig.
3B), but the salt did dissociate most histones and nonhistone
chromosomal proteins from DNA. Consequently, 2 M NaCl
treatment was used to purify the salt-resistant telomere-
binding protein(s). Macronuclei were incubated in 2 M NaCl
plus TE buffer to extract the DNA; the soluble material was
then loaded on a Bio-Gel A15M gel filtration column. The
DNA-containing fractions were collected and examined for
the presence of protein by electrophoresis through SDS-
polyacrylamide gels.

After gel filtration, only one protein remained bound to the
macronuclear DNA (Fig. 4, lane EUP). This polypeptide had
a mass of about 50 kDa and was intermediate in size between
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FIG. 4. Coomassie blue-stained SDS-polyacrylamide gel show-
ing that a 50-kDa protein remained bound to Euplotes macronuclear
DNA in 2 M NaCi. Lanes: OXY, the two subunits of the Oxytricha
telomere protein; EUP, the one Euplotes protein that remained
bound to macronuclear DNA after 2 M NaCi treatment; NE, the
nuclear extract loaded on the Bio-Gel column; MN, total Euplotes
macronuclear proteins; M, marker proteins. The molecular weights
(in thousands) ar'e shown at the right.

the two subunits (43 and 55 kDa) of the Oxytricha telomere-
binding protein (lane OXY). No other protein in the >30-
kDa size range remained bound to the macronuclear DNA
even when the salt concentration was reduced to 1 M (data
not shown). In the presence of 1 M NaCl, substantial
amounts of histone copurified with the DNA.
A BAL 31 protection experiment was used to determine

whether the 50-kDa protein was bound to macronuclear
telomeres. Column fractions containing DNA and the 50-
kDa protein were dialyzed to remove the salt and treated
with BAL 31. Deproteinized macronuclear DNA was treated
with the same concentration of BAL 31 for identical periods
of time. The DNA was then separated on a 1% agarose gel
and capillary blotted to nylon membrane. The telomeric
DNA was labeled by hybridization with 32P-labeled (T4G4)4.
Hybridization and washing were performed at 49 and 64°C,
respectively. These conditions prevented hybridization of
the probe once BAL 31 had removed 4 to 8 bp of the C4A4
repeats.
I3AL 31 digestion of the deproteinized DNA gradually

removed the telomeric C4A4 repeats so that after 10 min of
digestion only a small fraction of the DNA was labeled by
the (T4G4)4 probe (Fig. SA). In contrast, the macronuclear
DNA with bound 50-kDa protein was quite resistant to the
BAL 31. Even after 20 to 40 min of digestion, much of the
DNA retained sufficient C4A4 sequence to be labeled by the
(T4G4)4 probe.
An internal control was incorporated in the experiment to

demonstrate that the BAL 31 was as active in the samples
containing DNA plus protein as in the samples containing
DNA alone. A 1-,ug sample of a HaeIII restriction digest of
phage 4X replicative-form DNA was added to both the DNA
and DNA-plus-protein samples before the addition of BAL
31. The degree of digestion of the 4X DNA by BAL 31 was
later visualized on the Southern blot by removing the (G4T4)4
probe and rehybridizing the blot with 32P-labeled XX DNA.
The BAL 31 showed slightly more activity and digested the
,X DNA more in the DNA-plus-protein samples (Fig. 5B).

672-5555w^t i-
603-

310- lX

FIG. 5. BAL 31 digestion of the telomeric C4A4 repeats in the
presence and absence of the 50-kDa protein. Deproteinized DNA or
fractions from the Bio-Gel column containing DNA plus 50-kDa
protein were treated with BAL 31 for the time (in minutes) indicated
above each lane. After separation of the DNA in a 1% agarose gel,
the DNA was transferred to nylon membrane and probed with
32P-labeled (T4G4)4 (A), 32P-labeled 4X HaeIII DNA (B), or the
32P-labeled 1.9-kbp Xho-Pstl fragment of the Euplotes Vl gene (C).

To show determine whether roughly the same amount of
DNA had been loaded on each lane of the original gel, the
blot was stripped of XX DNA and hybridized with a 32p_
labeled 1.9 kbp internal fragment of the Vl gene of E.
crassus (2; kindly supplied by L. Klobutcher). As shown by
the intensity of the hybridization signal (Fig. 5C), overall
more DNA was present in the DNA samples than in the
DNA-plus-protein samples. However, within each set of
samples the amount of DNA in each lane was fairly similar,
and the results shown in Fig. 5A could not be explained by
unequal loading of the gel. In fact, the BAL 31 resistance of
the DNA-plus-protein samples is apparent in Fig. SA even
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FIG. 6. Binding of the 50-kDa Euplotes protein to the 3'
G2T4G4T4 tail of telomeric DNA. Deproteinized DNA (lane D),
DNA-containing fractions from the Bio-Gel column (lane F), the
nuclear extract loaded on the Bio-Gel column (lane N), and whole
cells (lane C), were treated with DMS. The DNA was isolated, 3'
end labeled, cleaved at G residues, and separated by electrophoresis
in sequencing gels.

though there was less DNA loaded on this portion of the gel
and more BAL 31 activity during digestion of these samples.
The data indicated that the 50-kDa protein was bound at

the telomeres of many, if not all, of the macronuclear DNA
molecules (Fig. 5). The BAL 31 experiment on its own does
not demonstrate that the 50-kDa protein binds specifically to
telomeres. The same result would be obtained if the protein
coated the length of each macronuclear DNA molecule.
However, it is extremely unlikely that the latter event
occurred, since there was not sufficient protein present in the
samples. Estimations of DNA and protein concentration
indicated that there were fewer than five protein molecules
per DNA molecule (data not shown). Thus, if the protein
bound randomly along the macronuclear DNA molecules,
such clear protection of the telomeric DNA from BAL 31
digestion would not have been seen.

Methylation protection of telomeric DNA by the 50-kDa
protein. The DMS methylation assay was used to determine
whether the 50-kDa protein binds the telomeric T4G4 se-

quence. Column fractions containing DNA and the 50-kDa
protein were treated with DMS as soon as they eluted from
the Bio-Gel column. The DNA was then isolated, end
labeled, and cleaved at methylated G residues. Methylation
protection could be observed at G2, G7, G8, and G1o (Fig. 6).

Since the 50-kDa protein was the only protein present in the
column fractions, the data indicate that this protein not only
binds the telomeric T4G4 repeats but is responsible for at
least some of the DMS footprint that is observed in vivo.
The methylation protection displayed by the column elu-

ate always showed the same trend but was sometimes less
clear than the methylation protection seen in whole cells or
the 2 M NaCl nuclear extract that was loaded on the column.
It appears that this degeneration of the methylation protec-
tion pattern resulted from gradual denaturation of the 50-kDa
protein. Much less protection was observed if the sizing
column was run slowly or if the DMS assay was performed
after dialysis of the column fractions. Under conditions in
which no DMS footprint was observed, the telomeric DNA
was still protected from BAL 31 digestion. This finding
indicated that the protein was not totally denatured and
remained bound to the DNA. It may be that the 2 M NaCl
treatment removes additional telomere-binding proteins that
are required to stabilize binding of the 50-kDa protein. These
proteins may also interact with the telomeric DNA and be
responsible for the methylation protection (enhancement) of
G15, G17, and G18 in the double-stranded region.

DISCUSSION

In recent years there has been a rapid expansion in both
our knowledge about the sequence of telomeric DNA from
various organisms and our understanding ofhow this DNA is
maintained during DNA replication (13, 26, 41). However,
information about the protein component of telomeres has
accumulated much more slowly because very few telomere-
binding proteins have been isolated. A detailed picture of
how telomere-binding proteins interact with telomeric DNA
has been restricted to one organism, the ciliate 0. nova. In
this report, I present information about telomeric chromatin
structure and telomere-binding proteins from a second or-
ganism, E. crassus. I show that Euplotes telomeres exist as
discrete DNA-protein complexes that are structurally very
similar to the complexes present at Oxytricha telomeres.

In both organisms, the nucleoprotein complexes encom-
pass 100 to 150 bp of DNA and consist of two structural
domains that are characterized by their very different DNA-
protein interactions (28). In the more internal region, the
DNA lies on a protein surface. The DNA in this portion of
the complex is of unique sequence, and therefore the DNA-
protein interactions must be largely, if not completely,
sequence independent. In the most terminal region of each
complex, the DNA-protein interactions are sequence spe-
cific and also salt stable. In both organisms, treatment with
2 M NaCl leaves most of the DMS methylation protection
pattern intact (28).
Comparison of the patterns of DMS methylation from

Euplotes and Oxytricha telomeric complexes (Fig. 3E)
shows some distinct similarities and differences. The pat-
terns of methylation protection in the second set of G
residues in the 3' tail are almost identical in the two species.
However, E. crassus has two fewer G residues in the 3' tail
than does 0. nova. Consequently, two bases that display
methylation protection in Oxytricha cells are absent from
Euplotes cells. It appears that the loss of DNA-protein
interactions in the 3' tail region of Euplotes cells is compen-
sated for by interactions between protein and G residues in
the double-stranded region. There is no evidence for inter-
action between protein and G residues in this portion of the
Oxytricha telomeric complex (28).
Although the telomeres from Euplotes and Oxytricha cells
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are very similar in overall structure, they are by no means
identical. Slight variations in the DNA-protein interactions
were to be expected, since the telomeric DNAs from the two
species are somewhat different. However, it is now apparent
that the protein components of the telomeres are also fairly
different. Characterization of the Euplotes and Oxytricha
telomere-binding proteins has shown that these proteins
differ not only at their DNA-binding sites but also in overall
structure. In Euplotes cells, binding of a 50-kDa polypeptide
to the 3' G2T4G4T4 tail is responsible for most of the
methylation protection pattern seen when living cells are
subject to DMS footprinting. In Oxytricha cells, the protein
that is responsible for methylation protection is a 98-kDa
heterodimer with 55- and 43-kDa subunits. Antibodies made
against the Oxytricha and Euplotes telomere proteins show
no cross-reactivity (C. M. Price and J. Vermeesch, unpub-
lished data).

It seems probable that the Euplotes protein and one
subunit of the Oxytricha protein are equivalent polypeptides
with related DNA-binding domains. However, the proteins
are less closely conserved than might have been expected for
proteins from ciliated protozoa that bind a similar telomeric
DNA sequence. The differences in the telomere proteins
from the two ciliates serves to underscore the great evolu-
tionary distance between Oxytricha and Euplotes species.
The Oxytricha and Euplotes telomere proteins are rather

unusual in that they both remain bound to telomeric DNA in
2 M NaCl (12, 28). Consequently, it will be of great interest
to determine exactly how these proteins interact with the
DNA (28, 30). However, the two subunits of the Oxytricha
protein are very tightly associated with each other and have
been separated only by using conditions that destroy the
DNA-binding activity (29). Consequently, it has not been
possible to determine which of the subunits actually recog-
nizes and binds the telomeric DNA. It appears that the
Euplotes protein may lend itself more readily to this type of
analysis. Further studies are needed to determine whether
the bound protein consists of one or multiple subunits.

It is notable that the overall structures of Oxytricha and
Euplotes telomeres are so similar although the DNA and
protein components show significant differences. It was
suggested previously that telomeres from many different
organisms might consist of DNA-protein complexes that are
structurally conserved but differ significantly in internal
composition (28). Clearly this is the case in Oxytricha and
Euplotes cells, in which the protein in the terminal portion of
the telomeric complex seems to be tailored to match the
cognate telomeric DNA. It will be interesting to determine
whether a similar feature is seen in telomeres from more
divergent organisms. Many organisms have a larger and
more variable number of telomeric repeats (5). Such varia-
tion in the telomeric DNA might be accommodated by a
more extended internal region of the telomeric complex with
variable lengths of DNA lying on protein surface.

It is apparent that various enzymes, such as telomere
terminal transferase and the Oxytricha telomere DNA pri-
mase, must act directly on telomeric DNA during DNA
replication (13, 41). Since these enzymes recognize the
sequence of the telomeric DNA at the 3' end, it is hard to
envision how they could function when a telomeric complex
is present. It seems likely that at least the most terminal
portion of each complex dissociates during DNA replication.
Re-formation of complexes immediately after replication
might then be a way to regulate telomere length as well as
ensure chromosome stability by rendering the telomeres
resistant to degradation or recombination (28, 30, 34, 40).
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