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We have identified a DNA-binding activity with specificity for the TTAGGG repeat arrays found at
mammalian telomeres. This factor, called TTAGGG repeat factor (TRF), is present in nuclear extracts of
human, mouse, and monkey cells. TRF from HeLa cells was characterized in detail by electrophoretic mobility
shift assays. It binds double-stranded TTAGGG repeats in linear and circular DNAs. Single-stranded repeats
are not recognized. The optimal site for TRF appears to contain more than six contiguous TTAGGG repeats.
Tandem arrays of TAGGG, TTTAGGG, TTTTAGGG, TTGGGG, and TTAGGC repeats do not bind TRF
well, indicating that TRF preferentially recognizes the telomeric repeat sequence present at mammalian
chromosome ends. The apparent molecular mass of this factor, based on recovery of TRF from sodium dodecyl
sulfate-polyacrylamide gels, is approximately 50 kDa. We suggest that TRF binds along the length of

mammalian telomeres.

The ends of linear eukaryotic chromosomes are protected
from degradation and fusion by a specialized terminal struc-
ture called the telomere (see references 7 and 72 for re-
views). Telomeres typically contain an array of short (5- to
8-bp) repeats, which are usually G rich in the strand that
extends to the 3’ end of the chromosome. Although details of
telomeric DNA are known in many systems, it is not clear
how telomeres stabilize natural chromosome ends.

Loss of telomeric DNA by degradation and incomplete
replication may be balanced by telomerase. Telomerase has
an unusual reverse transcriptase activity, which adds single-
stranded telomeric repeats to 3’ DNA ends by using an
internal RNA template (26-28, 44, 59, 70, 71; see reference 6
for a review). Although telomere synthesis by telomerase
may be important to counteract deletion of telomeric se-
quences, this activity does not explain other telomere at-
tributes such as resistance to ligation and recombination.

The protective activity of telomeres could depend in part
on structural features of telomeric repeats. It is likely that all
G-rich telomeric repeats can adopt a stable folded configura-
tion in vitro by G-G base pairing (32, 35, 55, 60, 64, 68), and
single-stranded G-rich protrusions are a conserved feature of
ciliate macronuclear telomeres (31, 37, 48). Whether telo-
meric foldback structures actually protect DNA ends and,
indeed, whether they occur in vivo are not known.

Several lines of evidence indicate that telomeric DNA is
complexed to nonhistone proteins. The abundant macronu-
clear telomeres of hypotrichous ciliates are encapsulated by
a protein complex that recognizes the sequence and struc-
ture of these termini (20, 23-25, 49-51). In Saccharomyces
cerevisiae, multiple binding sites for the repressor/activator
protein RAP1 occur within each telomere (5, 10, 40). Genetic
and biochemical evidence suggests that RAP1 interacts with
telomeres in vivo (12, 41, 65, 69). The chromatin structure of
telomeres in S. cerevisiae and Tetrahymena species bears
evidence of a large DNA-protein complex (8, 69). Finally,
human telomeric DNA is attached to the nuclear matrix,
presumably by interacting with a nonhistone factor (15). On
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the basis of these observations, telomeres may be viewed as
unique nucleoprotein complexes.

The structural conservation of telomeric DNA and the fact
that telomere healing in S. cerevisiae occurs on DNA ends
with heterologous telomeric repeats (see references 7 and 72
for reviews) suggest that telomere function is highly con-
served. According to this view, essential telomere-protein
interactions are expected to be conserved as well. For
example, the demonstration of telomerase in several ciliates
as well as in mammalian cells stressed its fundamental role in
telomere replication (24, 44, 58, 71). It is not yet known
whether other telomere factors are similarly conserved in
widely diverged eukaryotes. To address this question, we
have undertaken a search for telomere binding factors in
mammalian cells.

Mammalian telomeres contain the repeat sequence
TTAGGG in long tandem arrays which vary from 2-30 kb at
human chromosome ends to as much as 100 kb at the ends of
mouse chromosomes (3, 16, 29, 30, 36, 42, 45, 63). By
electrophoretic mobility shift assays (EMSA) we have iden-
tified a conserved mammalian DNA-binding factor with in
vitro specificity for double-stranded TTAGGG repeats. Ac-
cording to our biochemical characterization, this candidate
telomere protein could bind along the length of mammalian
telomeres.

MATERIALS AND METHODS

Cell lines. HeLa suspension cells were grown in spinner
flasks in Joklik’s medium-5% iron-supplemented bovine calf
serum (Hyclone). Monkey COS-7 (kidney) cells were grown
in roller bottles in Dulbecco modified Eagle medium-10%
fetal calf serum (Hyclone). Mouse J55S (plasmacytoma)
cells were grown in roller bottles in Joklik’s medium-10%
bovine calf serum. Human Namalwa (B) cells were grown
in roller bottles in RPMI 1640-10% fetal calf serum. The
media were supplemented with antibiotics, nonessential
amino acids, glutamine, and 10 mM N-2-hydroxyethylpiper-
azine-N'-2-ethanesulfonic acid (HEPES)-KOH (pH 7.4).
Cells were harvested at <2 X 10> cells per ml.

Nuclear extracts. Nuclear extracts were prepared at 4°C by
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SmerA CTGAAGCTTGCATGCCTGCAGGTCGACTCTAGAGATCGAATTCGAGCCCGGETTAGGGTTAGGGTTAGGGCCCCTCTAGA
GTCGACGAT(CCGGGTACCGAGCTCGAATTCATCG

SmerA GGTCGACTCTAGAGATCGAATTCGAGCCCGGETTAGGCTTAGGGTTAGGETTAGGGTTAGGGTTAGGGCCCCTCTAGAGT
CGACGATCCGGGGTACCGAGCTCGAATTCATCG

12merdA  TCGACTCTAGAGATCGAATTCGAGCCCGGGTTAGGGTTAGGGTTAGGGTTAGGCTTAGGGTTAGGGTTAGGGTTAGGGTT
AGGGTTAGGGTTAGGGTTAGEGCCCCTCTAGAGTCGA

SmerB GATCTGATATCATCGATGAATTCGAGCTCGGTTAGGCTTAGCGTTAGGGA TCCTCTAGAGTCGA

SmerB CGATGAATTCGAGCTGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGATC

G6merB*  CATCTGATATCATCGATGAATTCGAGCTCGGTTAGGGTIAGGGTTAGGGTTAGGGTTAGGGTTAGGGATCCTCTAGATCG
A .

12merB  CGATGAATTCGAGCTCGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGCTTAGCCT TAGGGTTAGGGTTAGGGTTAGGGTT

AGGGCTA

12merB* GATCTGATATCATCGATGAATTCGAGCTCGGTTAGGCTTAGGGTTAGGGTTAGGCTTAGGCTTAGGGTTAGCGTTAGGCT
TAGGGTTAGGGTTAGGCTTAGGGATCCTCTAGAGTCGA

SmerC TCGAGCAGCTGAAGCTTGCATGCCTGCAGGTCGACTCTAGAGATCGAATTCGAGCCCGGETTAGGGTTAGGGTTAGGGCC
CTCTAGAGTGGACGATCCCGGGTACCGAGCTCGAATTCATCGATGATATCTGACT
3+3mer TCGAGCAGGAATTCGAGCC(GGCTTAGGCTTAGGGTTAGPGCCCCTCTAGAGTCGACCTGAAGCTTGCATGCCTGCAGGT

CGACTCTAGAGATCGAATTCGAGCCCGGGTTAGGETTAGGCTTAGGGCCCCTCTAGAGTCGACGATCCCGGGTAC

3+inv3mer TCGAGCAGGTCGACTCTAGAGGGGCCCTAACCCTAACCCTAACCCGGGCTCGAATTCCTGAAGCTTGCATGCCTGCAGGT
CGACTCTAGAGATCGAATTGGAGCCCGGGTTAGGCTTAGPGTTAGGGCCCCTCTAGAGTCGACGATCCCGGGTAC

SmerC

TCGAGCAGCTGAAGCTTGCATGCCTGCAGGTCGACTCTAGAGATCGAATTCGAGCCC!

AGGGTTAGGETTAGGGCCCCTCTAGAGTCGACGATCCCGGGTACCGAGCTCGAATTCATCGATGATATCTGATC

2 Sequences are given from 5’ to 3'. TTAGGG repeats are in boldface type. All probes are double stranded restriction fragments with blunt ends.

extraction of nuclei with 0.4 M KCl by the method of
Dignam et al. (17). Typically, 10'° HeLa cells yielded 60 ml
of nuclear extract with 6 mg of protein per ml according to
the Bradford assay (Bio-Rad). Extracts were dialyzed
against 100 mM KCl in buffer D (20 mM HEPES-KOH [pH
7.9], 1 mM B-mercaptoethanol, 1 mM phenylmethylsulfonyl
fluoride, 20% glycerol) and stored at —80°C. For the exper-
iment whose results are shown in Fig. 1B, HeLa nuclei were
extracted with 0.4, 0.6, 0.8, or 1.0 M KCl. These extracts
were assayed for TTAGGG repeat factor (TRF) activity on a
per-nucleus basis.

Cell elutriation, nocodazole treatment, and preparation of
whole-cell extracts. The whole-cell extracts from HeLa cells
in different stages of the cell cycle were generously provided
by Neil Segil, The Rockefeller University. All procedures
are described by Segil et al. (54).

DNA probes and competitors. EMSA DNA probes are
described in Table 1. These sequences are synthetic DNAs
cloned into the polylinker of pSP73 (Promega). All assays
were performed with gel-purified, labeled restriction frag-
ments from these plasmids. The fragments were isolated
from 5% polyacrglamide gels after end labeling with Klenow
enzyme and [a-"?P]dCTP. Competition experiments were
performed with either synthetic oligonucleotides or cova-
lently closed circular plasmids. The structure of the oligo-
nucleotide competitors is as follows:

ds(TTAGGG), 5'-(TTAGGG),CATCGATGGG-3’
3'-CATGCTACCC(AATCCC),-5’
ds(TTGGGA), 5'-(TTGGGG),CATCGATGGG-3’

3'-CATGCTACCC(AACCCC),-5’

The oligonucleotides ss(TTAGGG), and ss(CCCTAA), are
the top and bottom strand of ds(TTAGGG),, respectively.
Synthetic oligonucleotides were purified by denaturing

(urea) polyacrylamide gel electrophoresis and annealed by
incubation at 65°C for 2 h.

In the construction of plasmids with telomeric repeat
arrays, the following starting materials were used. The
TTAGGG repeat arrays of 25 and 135 units were derived
from clones isolated from human libraries (15a, 16). The
Ascaris (TTAGGC),s repeat array is the BamHI-Sacl frag-
ment from plasmid pTEISS (46), which also contains a region
of 150 bp of subtelomeric DNA. The Chlamydomonas (TTT
TAGGG),s repeat array is derived from pCT17 (47) as a
Hincll-Xbal fragment that also contains 250-bp subtelomeric
sequences. The Arabidopsis (TTTAGGG)ss repeat array is
derived from pAtT4 (53) as a Notl-Sacl fragment. The
Tetrahymena (TTGGGG)._gs repeat array is derived from
p45 (56) as a BamHI fragment. The Giardia (TAGGG)_,;0
repeat array is derived from pGC1AN (38) as a Smal-EcoRV
fragment. The telomeric repeat arrays were inserted in the
polylinker of pSP73 (Promega) next to a Sall-Xhol fragment
from pMClneopolA (Stratagene), which contains the neo-
mycin resistance gene. All telomeric repeat arrays were
inserted in the same orientation, and the plasmids were
sequenced to verify the composition of the telomeric repeat
array. The name of each plasmid refers to the sequence of
the telomeric repeats it carries preceded by the approximate
number of repeats in the insert. For instance, pSXneo85
TTGGGG contains an array of TTGGGG repeats of approx-
imately 500 bp. Plasmid DNAs were isolated from CsCl-
ethidium bromide gradients. The nonspecific competitor
DNA was chromosomal DNA from Escherichia coli cleaved
with Haelll or sheared by sonication and purified by extrac-
tion with phenol and precipitation with ethanol.

Electrophoretic mobility shift assays. The optimal assay
conditions for TRF were determined by varying the probe
concentrations, KCl and Mg®* concentrations, pH, temper-
ature, incubation time, competitor DNA, and gel conditions
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(data not shown). The following EMSA conditions were
used throughout these studies. Labeled DNA probe (1 ng
and ~20 cps; representing at least a 10-fold excess to the
binding capacity of TRF) was incubated with crude nuclear
extract (typically 1 pl with ~6 pg of protein) or partially
purified TRF (1 pl with ~2.5 pg of protein) in 20 pl of EMSA
buffer (20 mM HEPES-KOH [pH 7.9], 150 mM KCl, 1 mM
MgCl,, 0.1 mM EDTA, 0.5 mM dithiothreitol, 5% glycerol,
4% Ficoll [molecular weight 400,000]) with 1 to 3 pg of
Haelll-cleaved E. coli chromosomal DNA. After incubation
for 30 min at 22°C, the mixture was fractionated on a 5%
acrylamide gel (29:1 acrylamide:bisacrylamide) run in 1x
TBE (89 mM Tris base, 89 mM boric acid, 2 mM EDTA) at
130 V for 2.5 h at 22°C. Gels were dried under vacuum at
80°C and autoradiographed for 16 h at 22°C.

Estimation of TRF abundance. To estimate the abundance
of TRF in HeLa cells, we quantitated EMSA results by using
a Phophorlmage (Molecular Dynamics). In these experi-
ments variable amounts of crude HeLa nuclear extract were
allowed to bind an excess of the 12merA probe (~6 x 10°
molecules per lane). The percentage of probe bound by TRF
was measured and corrected for background values derived
from competition experiments. The abundance of TRF per
cell was then estimated from the number of bound 12merA
molecules and the number of nuclei used to derive the
extract (~1.6 x 10%ul).

Partial purification of TRF. HeLa nuclear extract was
passed through DEAE-Sepharose (Sigma) in buffer D-100
mM KCI. The flowthrough and first wash fractions contained
TRF and were fractionated on phosphocellulose (P11; What-
man) in buffer D containing stepwise-increased KCI concen-
trations. TRF activity elutes at 0.6 M KCl. In a different
protocol, crude nuclear extract was fractionated by gel
filtration on Sephacryl S-300 (Pharmacia). The void fractions
containing TRF activity were applied to a column with
ds(TTAGGG), DNA coupled to CNBr-activated Sepharose
CLAB (Pharmacia). This column was run in buffer D with
stepwise-increased concentrations of KCl. TRF elutes at 0.5
M KCIl. Partially purified TRF was dialyzed against buffer
D-100 mM KCl and stored at —80°C.

Recovery of TRF from SDS-PAGE. The procedure for TRF
recovery was essentially as described by Baeuerle and
Baltimore (4). Partially purified TRF (200 pl of P11 0.6 M
KCl fraction containing 500 pg of protein) was fractionated
by sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis (SDS-PAGE) (9% acrylamide) until the bromophenol
blue dye had migrated 20 cm. An initial experiment estab-
lished that TRF migrates in the 40- to 60-kDa range. In the
experiment shown in Fig. 6, gel slices (0.5 cm) in the range
from 40 to 65 kDa were crushed and soaked overnight in 0.5
ml of 50 mM Tris-HCI (pH 7.9)-0.1% SDS-0.1 mg of bovine
serum albumin per ml-1 mM dithiothreitol-0.2 mM EDTA-
0.1 mM phenylmethylsulfonyl fluoride-2.5% glycerol. The
extracted protein was precipitated with 4 volumes of acetone
(at —20°C), washed with cold methanol, and dried. The
pellets were dissolved in 10 pl of 8 M urea and subsequently
diluted with 125 ul of 20 mM Tris-HCl (pH 7.6)-100 mM
KCI-2 mM dithiothreitol-10 mM phenylmethylsulfonyl flu-
oride. After 18 h of renaturation at 4°C, 8 ul of renatured
fraction was mixed with 10 pl of 2Xx concentrated EMSA
buffer and incubated on ice for 2.5 h. Subsequently 1 pg of
sonicated E. coli DNA and 1 ng of probe were added. The
mixture (final volume, 20 pl) was incubated for 30 min at
22°C and assayed on a gel as described above. The molecular
weights of the isolated fractions were derived from a cali-
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FIG. 1. Identification of a TRF in HeLa nuclear extract. (A)
EMSA of crude HeLa nuclear extract in the presence of various
competitor DNAs with 12mer4 as a probe. See Table 1 for the
structure of 12merA and Materials and Methods for the composition
of competitor DNAs. Lanes: 2, no competitor; 3, 150-fold molar
excess of ds(TTAGGG),; 4, 150-fold molar excess of ds(TTGG
GG)7; 5, 150-fold molar excess of ss(CCCTAA),; 6, 150-fold molar
excess of ss(TTAGGG),; 7, 3-fold molar excess of pSXneol35TTA
GGG; 8, 3-fold molar excess of pSXneo85TTGGGG; 9, 3-fold molar
excess of pYt103 (containing 81 bp of TG, _; repeats [57]); 10, 3-fold
molar excess of pSXneoS5TTTAGGG; 11, 15-fold molar excess of
pSP73; 12, 15-fold molar excess of pPBR322. Each reaction contained
3 pg of E. coli chromosomal DNA cleaved with Haelll. Lane 1 did
not contain extract. The position of the TRF complex is indicated;
the asterisk indicates a nonspecific binding activity. (B) TRF activity
in four nuclear extracts made in the presence of increasing KCl
concentrations. Identical numbers of HeLa nuclei were extracted in
parallel with 0.4 M (lane 1), 0.6 M (lane 2), 0.8 M (lane 3), and 1.0 M
(lane 4) KCl and assayed for TRF activity on I12merA probe after
dialysis of each extract to 100 mM KCIl. (C) Effect of proteinase K
treatment and incubation at elevated temperatures on TRF. In lane
1, HeLa extract was digested with proteinase K at 50 pg/ml for 30
min at 37°C prior to the gel shift assay. In the other lanes, HeLa
nuclear extract was incubated for 30 min at 22°C (lane 2), 37°C (lane
3), 50°C (lane 4), and 65°C (lane 5) immediately prior to the mobility
shift assay.

bration curve obtained with Bio-Rad molecular weight stan-
dards (low- and high-molecular-weight range).

RESULTS

Identification of TRF. We used a cloned DNA restriction
fragment containing 12 tandemly arranged TTAGGG repeats
(I12merA [Table 1]) as the probe in EMSA to search for a
sequence-specific binding activity in extracts of HeLa cell
nuclei. In the experiment in Fig. 1A, this probe is bound by
two factors, TRF and a nonspecific DNA-binding factor.
TRF is extracted from HeLa cell nuclei with 0.4 M KCI;
extraction with 0.6, 0.8, or 1 M KCI does not release
additional TRF activity (Fig. 1B). Cytoplasmic (S100) ex-
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FIG. 2. Sequence specificity of TRF. Partially purified TRF (P11 0.6 M KCl fraction [see Materials and Methods]) was allowed to bind
12merA in the presence of plasmid DNAs with homologous or heterologous telomeric repeat arrays. Lanes: 1, no extract; 2 to 4, 3%, 9%, and
27x molar excess, respectively, of pSXneo; 5 to 7, 3X, 9%, and 27X molar excess, respectively, of pSXneo25TTAGGG; 8 to 10, 3%, 9x,
and 27x molar excess, respectively, of pSXneol35TTAGGG; 11 to 13, 3%, 9%, and 27X molar excess, respectively, of pSXneo25TTAGGC;
14 to 16, 3x, 9%, and 27X molar excess, respectively, of pSXneo35STTTTAGGG; 17 to 19, 3%, 9%, and 27X molar excess, respectively, of
pSXneo5STTTAGGG:; 20 to 22, 3%, 9%, and 27X molar excess, respectively, of pSXneo85TTGGGG; 23 to 25, 3%, 9%, and 27x molar excess,
respectively, of pSXneol10TAGGG. See Materials and Methods for the structures of the plasmids used in these experiments.

tracts do not contain TRF activity (data not shown). Quan-
titation of the TRF complexes in Fig. 1 and results of extract
titration experiments (data not shown; see Materials and
Methods) suggest that HeLa cells contain at least 1,500
copies of TRF per nucleus. In the experiment in Fig. 1C,
TREF is inactivated by incubation at 65°C or by treatment
with proteinase K, indicating that the activity depends on a
proteinaceous component.

The competition experiments in Fig. 1A identify TRF as a
double-stranded TTAGGG repeat binding factor. Synthetic
single-stranded telomeric repcat DNAs do not compete for
TREF at a 150-fold molar excess (Fig. 1A). By contrast, the
TRF complex, but not the nonspecific complex, is competed
for with a 150-fold molar excess of unlabeled synthetic DNA
with seven dsTTAGGG repeats [ds(TTAGGG),; see Mate-
rials and Methods]. Similarly, a circular plasmid with an
array of 135 TTAGGG repeats competes for TRF at a
threefold molar ratio of plasmid to probe (equivalent to a
~30-fold molar ratio of TTAGGG repeats). The effective
competition of TTAGGG repeats in a circular context indi-
cates that TRF does not require a DNA end for binding. In
addition, the nucleotides adjacent to the TTAGGG repeats in
the 12merA probe are probably not recognized by TRF,
since these sequences are not found in the competitor
DNAs.

Circular plasmids carrying heterologous telomeric repeats
from Tetrahymena spp. (TTGGGG), S. cerevisiae (TG,_;),
and Arabidopsis spp. (TTTAGGG) have little effect on TRF
complex formation, and a synthetic ds(TTGGGG), array is a
less effective competitor than ds(TTAGGG), (Fig. 1A). This
initial characterization indicates that TRF preferentially
binds TTAGGG repeat arrays over heterologous telomeric
DNA; a more extensive analysis of the sequence specificity
of TRF is presented below.

Heterologous telomeric repeats do not bind TRF. To deter-
mine the sequence specificity of TRF, we performed a series
of competition experiments with circular plasmids carrying
vertebrate and heterologous telomeric repeats. The vector
backbone of all constructs is identical and does not affect
TRF complex formation (Fig. 2). To establish the appropri-
ate assay conditions, we allowed TRF to bind to an excess of
12merA probe in the presence of a wide concentration range
of plasmids carrying either 25 or 135 TTAGGG repeats (data
not shown). These initial experiments indicated that both
TTAGGG repeat plasmids compete out all TRF binding to

12merA at a ninefold molar ratio of plasmid to probe (Fig. 2).
The residual band detected under these competition condi-
tions is attributed to a minor nonspecific binding activity in
this TRF fraction. At a 3-fold molar excess, which is
equivalent to a 6- and 30-fold molar excess of repeats for the
(TTAGGG),s and (TTAGGG), ;5 plasmids, respectively, the
plasmids decrease the level of TRF-12merA complex ap-
proximately 10-fold (Fig. 2). The effect of plasmids with
heterologous telomeric repeat arrays was therefore similarly
examined at 3-, 9-, and 27-fold molar excess. Although the
lengths of the heterologous telomeric repeat stretches vary,
the range is covered by the plasmids carrying 25 and 135
TTAGGG repeats that serve as a positive control in this
experiment. As shown in Fig. 2, plasmids carrying telomeric
DNA inserts from Ascaris spp. [(TTAGGC),s (46)], Chlam-
ydomonas spp. [(TTTTAGGG),s (47)], higher plants [(TT
TAGGG)ss (53)), Tetrahymena spp. [(TTGGGG)_gs (56)],
and Giardia spp. [(TAGGG)_,,, (38)] have little effect on
TRF complex formation. At the highest molar ratio (27-fold),
TTTTAGGG, TTTAGGG, and TAGGG repeat arrays com-
pete slightly (Fig. 2).

Since TRF does not bind TTGGGG and TTAGGC repeats
effectively, it seems that TRF recognizes TTAGGG repeats
in part by interactions with nucleotides at positions 3 and 6
(with the first T of TTAGGG arbitrarily chosen as position
1). Furthermore, the competition data indicate that TRF
recognizes additional features of TTAGGG repeats since
changes in the number of T residues dramatically reduce
complex formation.

Optimal TRF binding requires at least six TTAGGG re-
peats. Although the data presented in Fig. 2 establish that
TREF binds the 12merA probe in a sequence-specific manner,
they do not reveal the length of the site that is recognized by
TRF. To address this question, we generated a family of
EMSA probes with variable numbers of TTAGGG repeats
(Table 1). As shown in Fig. 3A, three probes with 3, 6, or 12
complete TTAGGG repeats (3merA, 6merA, and 12merA,
respectively) were used to determine the apparent affinity of
TRF for TTAGGG repeat arrays of different lengths. The
result shows that TRF binds 12merA better than 6merA,
while the 3merA probe binds very little TRF. A minor
amount of a specific complex migrating more slowly than the
nonspecific complex can be discerned in long exposures, but
the binding of TRF to the 21-bp telomeric repeat region in
3merA is clearly suboptimal.



4838 ZHONG ET AL. MoL. CELL. BioL.

A a B a D a
S & A P D
$ S & o
_QC > Av -er = .{QG G‘Q\- &Y. év
&8 S & § & & OO
competitor: & ¥ W R & ¥FN
extract: - + + + - + + + & + + +
3 4 5 6 7 8 9 10 11F | 12

TRF+

probe:

- <
M
& & SN

“\ 12merB*
o [ 53555555555>: |
S~_12merB
BSS555555555551
3merB X 6merB>
__»>>3 |
6merB
extract: 1x 2x 1x 2x 1x 2x 1x 2x
comp: R -+ - 4+ ™ - + - 4+
1 2 3 5 6 7 9 10 11 12 13 14 15 16

7 IR 3merC 3 + 3 mer 3 +inv3 mer 6merC
: 31 _» | _»» e« |

FIG. 3. TRF binds preferentially to long contiguous TTAGGG repeat arrays. (A) Mobility shift assays were performed with crude HeLa
nuclear extract and three identically sized probes with 3 (3merA; lanes 1 to 4), 6 (6merA; lanes 5 to 8), or 12 (12merA; lanes 9 to 12) TTAGGG
repeats (see Table 1 for structures of the probes). Lanes 1, 5, and 9 do not contain nuclear extract. In lanes 3, 7, and 11, TRF is competed
for with a 150-fold molar excess of ds(TTAGGG), (see Materials and Methods). In lanes 4, 8, and 12, TRF is competed for with a 150-fold
molar excess of ds(TTGGGG), (see Materials and Methods). The position of the TRF complex is indicated; the asterisks indicate a nonspecific
DNA-binding activity (lower band) and a larger complex of unknown composition. (B) Partially purified HeLa TRF (by gel filtration and
specific DNA affinity chromatography [see Materials and Methods]) was incubated with 3merB (lane 1), 6merB (lane 2), 6merB* (lane 3),
12merB (lane 4), and 12merB* (lane 5). The structure of the probes is given in Table 1. Next to lane 5, the position of the TRF complex in
this lane is indicated; the caret points to larger complexes that may represent multimeric TRF binding (see text). (C) Partially purified TRF
(0.6 M KCl fraction from phosphocellulose [see Materials and Methods]) was incubated with 3merC (lanes 1 to 4), 3+3mer (lanes 5 to 8),
3+inv3mer (lanes 9 to 12), and 6merC (lanes 13 to 16). Either 1.5 or 3.0 pl of TRF was added to the incubations, as indicated above the lanes.
In the even lanes, TRF is competed for with a fourfold molar excess of pSXneol35TTAGGG (see Materials and Methods). The asterisks are
defined in the legend to panel A.
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As shown in Fig. 3B, a similar result was obtained with
partially purified factor and a second set of probes with
variable numbers of telomeric repeats (3merB, 6merB,
6merB*, 12merB, and 12merB* [Table 1]). Again, probes
with 12 TTAGGG repeats formed a larger amount of com-
plex than did the probes with 6 repeats. Furthermore, as
seen in Fig. 3A, the 3-mer probe binds TRF but the amount
of complex formed with this DNA was minor compared with
that for the other probes. The complexes formed with 3-mer,
6-mer, and 12-mer probes specifically compete with ds(TT
AGGG),, and the heterologous telomeric repeats in ds(TTG
GGG), DNA compete to a lesser extent (Fig. 3; not shown).
Since 12-mer probes bind TRF more efficiently than probes
with six TTAGGG repeats do, it appears that TRF requires
at least six TTAGGG repeats for optimal complex formation.

Our data do not exclude the possibility that probes with
more than 12 TTAGGG repeats show an additional enhance-
ment of TRF binding. For technical reasons we have not
been able to address this issue by using our TRF EMSA
conditions. We note that in competition titration experi-
ments, a plasmid with 25 TTAGGG repeats competes ap-
proximately fourfold more efficiently for TRF binding to
12merA than a plasmid with 12 TTAGGG repeats does (data
not shown). Whether the more efficient competition with 25
TTAGGG repeats is due to presentation of a larger site or
other effects (such as the presence of multiple sites) cannot
be established at present.

The TRF complexes formed with 3-mer, 6-mer, and 12-
mer probes in Fig. 3A comigrate. Since these probes are of
identical size (Table 1) and since the migration rate of
DNA-protein complexes is strongly influenced by the pro-
tein moiety in the complex (33), this result indicates that all
these complexes contain an identical amount of protein
factor. Therefore, the increased avidity of TRF for the
longer telomeric repeat arrays cannot be due to cooperative
binding of multiple factors. Two other explanations for the
enhanced binding to longer repeat arrays are conceivable.
First, the TRF-binding site could span more than six
TTAGGG repeats. Alternatively, the enhanced binding of
TRF to probes with long TTAGGG repeat arrays could be
due to the presence of multiple target sites within one
molecule. For instance, if TRF slides along DNA molecules
in search of its target site, probes with multiple sites are
expected to be a better substrate.

If the enhanced binding to longer TTAGGG repeat arrays
is due to redundant presentation of a short binding site,
probes with two blocks of three TTAGGG repeats should
bind TRF better than probes with one block of three
TTAGGG repeats do. To test this model, we generated
probes with two blocks of three TTAGGG repeats separated
by 64 bp of unrelated sequence. In the 3+3mer probe the two
TTAGGG repeat arrays have the same orientation; in
3+inv3mer one of the telomere motifs is inverted (Table 1).
The binding of partially purified TRF to these probes was
compared with complex formation on 3merC and 6merC,
which are similar in length to the probes with two sets of
TTAGGG repeat arrays but have contiguous arrays of three
and six TTAGGG repeats, respectively (Table 1). The result
in Fig. 3C shows that TRF binds the 3+3mer, 3+inv3mer,
and 3merC probes to a similar extent. Although the amount
of complex formed on probes with one or two blocks of three
repeats varies slightly within a 2-fold range, each probe
binds approximately 10-fold less TRF than 6merC does. This
result indicates that the presence of multiple binding sites
within one probe does not enhance TRF binding signifi-
cantly. Therefore it appears that TRF requires contiguous
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FIG. 4. Recovery of TRF in the 50-kDa range fraction from
SDS-PAGE. Protein (500 ng) of partially purified TRF (P11 0.6 M
KCl fraction) was subjected to SDS-PAGE, and proteins in the
indicated molecular mass regions were eluted and assayed for TRF
activity on 12merA (see Table 1 for the structure of the probe and
Materials and Methods for experimental details). Lanes: 3 and 4, 38
to 41 kDa; 5 and 6, 41 to 45 kDa; 7 and 8, 45 to 49 kDa; 9 and 10, 49
to 53 kDa; 11 and 12, 53 to 58 kDa; 13 and 14, 58 to 63 kDa; 15 and
16, 63 to 68 kDa; 17 and 18; 68 to 73 kDa. The molecular mass of the
proteins in each fraction was estimated by comparison with molec-
ular mass standards. Assays with and without pSXneol35TTAGGG
as competitor were loaded in even and odd lanes, respectively. The
film was exposed for 2 weeks. In lanes 1 and 2, the input P11 0.6 M
KCl fraction was assayed for TRF activity in the presence of urea as
for the renatured fractions. This part of the gel was exposed for
16 h.

TTAGGG repeats for optimal binding. These data, together
with the results obtained with the 6-mer and 12-mer probes,
suggest that the optimal binding site for TRF covers at least
six TTAGGG repeats.

If the binding site for TRF is not much larger than six
TTAGGG repeats, the 12-mer probes could accommodate
two TRFs. We note that in the absence of cooperative
interactions, the simultaneous attachment of two factors to
the 12-mer probes is expected to be infrequent. In addition,
since TRF requires at least six TTAGGG repeats for optimal
binding, only 12-mer probes with TRF bound at one end of
the TTAGGG repeat array could be expected to accommo-
date a second factor. In the experiment with partially puri-
fied TRF shown in Fig. 3B, the probes with 12 TTAGGG
repeats acquire larger complexes, which could represent two
factors binding to one probe molecule. These larger com-
plexes with 12-mer probes are specifically competed for by
TTAGGG repeats (data not shown) and are seen with
partially purified TRF, suggesting that they are not derived
from some other factor. Minor larger complexes are also
formed on 3-mer, 6-mer, and 12-mer probes with crude
extract (Fig. 3A) and with another preparation of partially
purified TRF (Fig. 3C), but the appearance of these faint
bands is not uniformly reproducible, and their relationship to
TREF is not known.

TRF contains one or more proteins of ~50 kDa apparent
molecular mass. The apparent molecular mass of TRF was
deduced by recovery of active factor after fractionation on
SDS-polyacrylamide gels (4). TRF was partially purified
through DEAE-Sepharose and phosphocellulose columns
(see Materials and Methods) and electrophoresed through a
preparative denaturing gel. Proteins eluted from different gel
slices were renatured and tested for TRF activity in mobility
shift assays with 12merA4 as a probe. Figure 4 shows that
TRF activity is recovered in a single fraction containing
proteins with an apparent molecular mass of 49 to 53 kDa.
The same result was obtained in a second independent
fractionation experiment (data not shown). The recovered
activity appears to be authentic TRF on the basis of two
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FIG. 5. TRF expression in the cell cycle. Whole-cell extracts
from HeLa cells (lanes 1 to 3), HeLa cells arrested with nocodazole
(Noc) (lanes 13 to 15), and elutriated HeLa fractions in G, (lanes 4
to 6), S (lanes 7 to 9), and G, (lanes 10 to 12) were assayed for TRF
activity by using 12merA (Table 1) as a probe. Incubations were run
without competitor DNA (lanes 1, 4, 7, 10, and 13), with a 150-fold
excess of ds(TTAGGG), (lanes 2, 5, 8, 11, and 14), and with a
150-fold excess of ds(TTGGGG), (lanes 3, 6, 9, 12, and 15). The
amount of extract assayed for each cell population was normalized
to represent equivalent amounts of cellular protein.

criteria. First, the complex formed by the renatured protein
comigrates with unfractionated TRF and not with the non-
specific DNA-binding factor in the extract. Second, the
recovered binding activity is specifically competed for a
threefold molar excess of a plasmid with 135 TTAGGG
repeats. This result indicates that TRF contains one or more
proteins with an apparent molecular mass of ~50 kDa.

TREF is expressed in all cell cycle stages. Whole-cell extracts
were prepared from HeLa cells in G,, S, and G, phases
isolated by centrifugal elutriation. In addition, proteins were
extracted from nocodazole-treated HeLa cells arrested in
mitosis. TRF activity was detected in each of these extracts
(Fig. 5). In this experiment, the activity varied somewhat
with the highest level of TRF in G,. However, in other
experiments the increase in G, was not as prominent. We
conclude that TRF is present throughout the cell cycle.
Whether TRF undergoes a subtle cell cycle modulations
cannot be assessed at present.

TREF is expressed in human, primate, and rodent cell lines.
Extracts from four mammalian cell lines were examined for
telomeric repeat binding activity. The experiment in Fig. 6
shows that monkey kidney cells (COS-7), mouse plasmacy-
toma cells (J558), and a human Burkitt’s lymphoma cell line
(Namalwa) express a factor that binds to 12merA. This
binding activity .: similar or identical to that of HeL.a TRF
on the basis of two criteria. First, each factor is competed for
by ds(TTAGGG), and in each case ds(TTGGGG), competes
to a lesser extent, as is seen for HeLa TRF. Second, in each
case the complex comigrates with the HeLa TRF complex.
TRF-like activity is also expressed by a human granulocyte-
macrophage precursor cell line (HL-60), human histiocytic
leukemia cells, and mouse erythroleukemia cells (data not
shown).

DISCUSSION

Telomeres are thought to function as a nucleoprotein
complex consisting of telomeric repeats and telomere-bind-
ing factors. Although the sequence and structure of telo-
meric DNA has been characterized in many systems, much
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FIG. 6. TRF-like activity in different mammalian cell lines. Nu-
clear extracts from human HeLa (lanes 1 to 3), human Namalwa
(lanes 4 to 6), monkey COS-7 (lanes 7 to 9), and mouse J558 (lanes
10 to 12) cells were assayed for TRF activity by mobility shift of the
12merA probe. Incubations were performed without competitor
DNA (lanes 1, 4, 7, and 10), with a 150-fold excess of ds(TTAGGG),
(lanes 2, 5, 8, and 11), and with a 150-fold excess of ds(TTGGGG),
(lanes 3, 6, 9, and 12). The amount of extract assayed for each cell
line was normalized to represent equivalent amounts of nuclear
protein.

less is known about the protein components of telomeres.
This report describes a mammalian nuclear factor, TRF, that
binds to the conserved TTAGGG repeat arrays found at the
ends of vertebrate chromosomes. Optimal binding of TRF
appears to require DNA probes with at least six contiguous
dsTTAGGG repeats. In the human genome, TTAGGG re-
peats hybridize to a few chromosome-internal sites as well as
at telomeres. The sequences of two of these loci demonstrate
that these sites are composed mostly of non-TTAGGG
repeat DNA. They contain scattered TTAGGG repeats but
no tandemly repeated stretches longer than 24 bp (34, 67).
According to the in vitro DNA-binding characteristics of
TREF, this factor would not be expected to bind to such short
TTAGGG repeat arrays efficiently. Thus, in human chromo-
somes optimal TRF-binding sites occur predominantly at
telomeres.

It has long been known that many mammals contain the
sequence TTAGGG reiterated within alpha-satellite repeats
(21, 22, 42, 62). However, although the hexamer TTAGGG
prevails, many other variants of this sequence are present
(22, 62). Furthermore, several cloned alpha-satellites lack
the tandem arrays of precise TTAGGG hexamers that are
required for TRF binding (21). On the basis of this sequence
information, we do not expect these alpha-satellite repeats to
be efficiently bound by TRF.

TRF has an exquisite ability to detect the differences
between vertebrate telomeric repeats and the sequences of
heterologous telomeres. Subtle changes in the (TTAGGG),,
recognition site impair binding substantially. For instance,
changes in the number of T residues or single-base substitu-
tions dramatically decrease complex formation. The inner-
most ~0.5 kb of human telomeres is composed of G-rich
repeats that are similar but not identical to the TTAGGG
repeats (2, 9, 14). According to our data, TRF should not
bind to this region but instead should associate with the
major part of human telomeres, where long arrays of precise
TTAGGG repetitions occur. TTAGGG repeats are the only
known conserved sequence of vertebrate telomeres, and it is
generally assumed that telomere function is conferred by this
DNA. Thus, by these criteria TRF shows specificity for the
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sequence of the conserved, functional part of vertebrate
telomeric DNA. We suggest that TRF is a candidate telo-
mere protein in mammalian cells. In agreement with this
proposed function, TRF (or an activity similar to TRF) is
expressed in all mammalian cell lines we have examined,
including primate and rodent cell lines.

In addition to its sequence specificity, TRF can detect the
length of TTAGGG repeat arrays. In vitro, TRF binding is
greatly enhanced on probes with extensive TTAGGG repeat
arrays. Although TRF can bind DNA with 3 copies of the
(TTAGGG),, motif, probes with 6 or 12 repeats are recog-
nized more efficiently. On the basis of the similar mobility of
the TRF complexes with these probes, it appears that the
enhanced binding to longer repeat arrays is not due to
cooperative interactions of multiple factors. Furthermore,
probes with six contiguous TTAGGG repeats are a better
substrate for TRF than are probes with two separate blocks
of three repeats. Therefore, the improved interaction with
longer repeat arrays is not due to redundant representation
of minimal sites within one molecule. One possibility is that
TRF binding is dependent on a DNA structure that is more
easily generated with longer TTAGGG repeat stretches.
Since the DNA probes used in this study migrate according
to their molecular weight in acrylamide gels, we have no
evidence for bending in TTAGGG repeat stretches, but other
structures are not excluded. Our data are most easily ex-
plained if the optimal site for the binding of a single TRF is
composed of more than six contiguous TTAGGG repeats,
i.e., more than 36 bp in length. In a recent compilation of
recognition sites for DNA-binding factors, no site of this
length was listed (19). Most of the binding sites are shorter
than 15 bp, with a few exceptions of around 20 bp. There-
fore, the optimal recognition sequence for TRF may be
unusually long.

The interactions of TRF with TTAGGG repeat arrays of
variable length is best explained by a binding factor with
multiple DNA-binding domains. For example, TRF might be
a complex of several monomers that each bind to one or a
few repeats. Increasing saturation of these domains may
then account for the enhanced binding to longer repeat
arrays. A similar binding mode has been proposed for the
interaction of heat shock factors with their repetitive recog-
nition site (see reference 61 for a review). In addition, it is
conceivable that a single TRF polypeptide contains multiple
DNA-binding domains which each recognize one or a few
TTAGGG repeats. Additive effects of these domains could
contribute to enhanced binding on long contiguous
TTAGGG repeat arrays. For example, TRF could be similar
to TFIIIA, which recognizes a site of more than 50 bp with
multiple Zn fingers (18, 43).

Since TRF recognizes TTAGGG repeats irrespective of
the proximity of a DNA terminus, this factor could poten-
tially bind along the length of telomeric repeat arrays.
Factors that could bind along the length of the telomere have
been found in S. cerevisiae and Physarum spp. (5, 10, 12, 13,
39-41, 65). The DNA-binding characteristics of TRF and the
apparent molecular mass of this factor do not suggest any
obvious biochemical similarity to (candidate) telomere pro-
teins in other organisms.

If TRF is indeed a component of the nucleoprotein com-
plex at mammalian chromosome ends, the binding of this
factor could contribute to any of the functions ascribed to
telomeres. One possibility is that TRF interacts with telo-
merase to modulate the replication of telomeres. Such a
regulator has been proposed on the basis of the phenotype of
telomerase mutants in Tetrahymena spp. (70), and the te-
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lomere protein RAP1 regulates the length telomeres in S.
cerevisiae (12, 41, 65). TRF could also constitute a compo-
nent of a protective complex at telomeres or mediate their
subnuclear localization. We have previously shown that
human telomeres are attached to the nuclear matrix (15) and
chromosome ends are located near the nuclear periphery in
many eukaryotes (1, 11, 52, 66). Thus, it will be of interest to
examine the subnuclear localization of TRF when antibodies
against this factor become available.
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