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Mammalian chromosome ends contain long arrays of
TTAGGG repeats that are complexed to a telomere
specific protein, the TTAGGG repeat binding factor,
TRF1. Here we describe the characterization of genes
encoding the human and mouse TRF1 proteins, hTRF1
and mTRF1. The mTRF1 cDNA was isolated based on
sequence similarity to the hTRF1 cDNA and the mTRF1
mRNA was shown to be ubiquitously expressed as a
single 1.9 kb polyadenylated transcript in mouse
somatic tissues. High levels of a 2.1 kb transcript were
found in testes. In vitro  translation of the mTRF1 cDNA
resulted in a 56 kDa protein that binds to TTAGGG
repeat arrays. mTRF1 displayed the same sequence
specificity as hTRF1, preferring arrays of TTAGGG
repeats as a binding substrate over TTAGGC and
TTGGGG repeats. Expression of an epitope-tagged
version of mTRF1 showed that the protein is located at
the ends of murine metaphase chromosomes. In
agreement, conceptual translation indicated that
mTRF1 and hTRF1 are similarly-sized proteins with
nearly identical C-terminal Myb-related DNA binding
motifs. In addition, comparison of the predicted mTRF1
and hTRF1 amino acid sequences showed that the
acidic nature of the N-terminus of TRF1 is conserved
and revealed a highly conserved novel domain of ∼200
amino acids in the middle of the proteins. However,
other regions of the proteins are poorly conserved
(<35% identity) and the overall level of identity of the
mTRF1 and hTRF1 amino acid sequences is only 67%.
The TRF1 genes are not syntenic; the hTRF1 gene
localized to human chromosome 8 band q13 while the
mTRF1 gene localized to mouse chromosome 17 band

E3. The data indicate that the genes for mammalian
telomeric proteins evolve rapidly. 

INTRODUCTION

Telomeres, the natural ends of eukaryotic chromosomes, are
specialized nucleoprotein structures that ensure the complete
replication and stability of linear chromosomes (reviewed in 1,2).
The DNA of telomeres is usually composed of tandem repeats of
sequences that are G-rich in the strand that extends to the 3′ end of
the chromosome. In vertebrates, the telomeric array is comprised of
TTAGGG repeats and can extend from a few kilobasepairs up to
tens of kilobasepairs in length (3–5). This repeat array is maintained
by telomerase, which adds telomeric repeats de novo to 3′ ends using
an RNA template (reviewed in 6,7). Without telomeres, the ends of
chromosomes are unstable possibly because they become fusogenic
and susceptible to attack by nucleases. Telomere stability is believed
to be accomplished by the action of telomere-specific binding
proteins which sequester the end of the molecule from DNA damage
checkpoints and inappropriate repair activities (8–10). In addition,
telomeric DNA binding proteins have been implicated in telomere
length regulation in yeast (11–14).

Evidence for the presence of a nucleoprotein complex at human
chromosome ends was initially gleaned from the inspection of
telomeric chromatin and the analysis of subnuclear localization
of telomeres. Human telomeres are tethered to the nuclear matrix
(15,16) and part of the telomeric chromatin displays an altered,
diffuse nucleosomal organization (17,18). The only vertebrate
telomeric protein reported to date is the human telomeric repeat
binding factor, hTRF1 (19). This DNA binding protein has
properties expected for a factor that binds telomeres along their
length. hTRF1 specifically recognizes double-stranded repeats of
the vertebrate telomeric sequence TTAGGG and does not require
a DNA end to bind to its cognate sequence (20). hTRF1 was
cloned through biochemical purification and found to be a novel
protein containing a Myb-related DNA binding motif (19). The
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telomeric protein is a 439 amino acid nuclear protein that
occupies all telomeres throughout the cell cycle (19). Since TRF1
specifically fractionates to the nuclear matrix, its binding may be
responsible for the condensed structure of interphase telomeres
and their association with the nuclear matrix (16). A distantly
related homolog of hTRF1, called hTRF2, was recently isolated
and also shown to be a component of the telomeric complex (DB,
A. Smogorzewska, LC, and TdL, manuscript in preparation).

Interestingly, hTRF1 is not a homologue of Rap1p, the only
other duplex telomeric DNA binding protein described to date.
Rap1p is a repressor/activator protein that specifically coats the
TG1–3 telomeric tracts of Saccharomyces cerevisiae (reviewed in
21,22). Rap1p recruits a series of other factors to the telomere,
including Sir3p, Sir4p and Rif1p. The resulting complex forms a
specific chromatin domain (telosome) suggesting that the
chromosome end is sequestered in a higher order structure (23).
Rap1p binding at the telomeres is required for proper telomere
length regulation, telomere stability, and the telomeric complex
recruited by Rap1p is responsible for telomeric silencing. Like
hTRF1, Rap1p uses a Myb-related three helix bundle motif for
site recognition (24). However, while hTRF1 has one Myb HTH
motif, Rap1p recognizes its telomeric binding site with two such
elements. Outside the DNA binding domain these proteins do not
show any sequence similarities.

The lack of sequence similarity between hTRF1 and Rap1p and
the absence of an hTRF1 homolog in the complete yeast genome
sequence raised the possibility that the TRF1 proteins might be
evolving rapidly. To address this question we have cloned and
analysed the mouse homolog of hTRF1, mTRF1, and compared
the human and mouse proteins and their genes in detail. The
results indicate that while mTRF1 and hTRF1 are biochemically
indistinguishable, their primary amino acid sequence has
diverged. Comparison of the deduced reading frames of mouse
and human TRF1 indicates that the most conserved features of
these proteins are the Myb-homology, the acidic domain in the
N-terminus, a TRF1 specific domain in the middle of the proteins,
and several potential phosphorylation sites.

RESULTS

Isolation of mTRF1 cDNAs

A cDNA fragment spanning most of the hTRF1 reading frame
was used to screen a mouse brain cDNA library under moderate
stringency conditions and 12 cDNA clones were isolated. The
clone with the largest cDNA insert, clone 12-1, was used in all
subsequent analyses. This clone had an insert of 1640 bp with
65–80% sequence identity to the hTRF1 cDNA (GenBank
accession number U65586). The mTRF1 cDNA showed a single
open reading frame of 421 amino acids, which is comparable in
length to the open reading frame encoding hTRF1 (439 amino
acids). A methionine start codon flanked by a Kozak consensus
sequence for translation initiation is located 10 nt from the 5′ end
and 335 nt of untranslated sequence precedes an AATAAA
polyadenylation signal at the 3′ end of the insert. The identified
start codon is likely to represent the N-terminus of the mTRF1
polypeptide because seven out of eight amino acids that follow
this methionine are identical to the N-terminus of hTRF1. In vitro
transcription/translation of the mTRF1 cDNA resulted in the
synthesis of a polypeptide with an apparent MW of ∼56 kDa

Figure 1. In vitro translation products of mTRF1 and hTRF1 cDNAs. mTRF1 and
hTRF1 cDNAs were used in a coupled in vitro transcription/translation reaction
and the 35S-methionine labelled proteins were analysed by electrophoresis through
a 10% polyacrylamide/SDS gel. Molecular weights of protein standards are
indicated. Relative to these standards mTRF1 protein migrates at an apparent
molecular weight of 56 kDa and hTRF1 protein migrates at ∼60 kDa.

(Fig. 1). In agreement with its slightly shorter ORF, the protein
encoded by the mTRF1 cDNA migrates somewhat faster than the
human TRF1 protein (Fig. 1).

In order to determine whether the cDNA encoded mouse TRF1
activity, in vitro translation product was tested for DNA binding
activity (Fig. 2, right panel). Mouse TRF1 activity, isolated from the
Balb/c J558 plasmacytoma cell line, was assayed in parallel (Fig. 2,
left panel). Both proteins were allowed to form a complex with a
double-stranded restriction fragment containing 12 tandem
TTAGGG repeats which represents an optimal site for TRF1
binding in gel-shift assays (20). As reported previously (20), mouse
cells express a TRF1 activity that, like the human TRF1, forms a
gel-shift complex with TTAGGG repeat probes. This activity is
specific for TTAGGG repeats. While TTAGGG repeat-bearing
plasmids compete with the labelled probe for complex formation, no
competition occurred with plasmids containing C.elegans TTAGGC
repeat arrays and Tetrahymena TTGGGG repeats had an
intermediate competition effect. This relative sequence preference
(TTAGGG>TTGGGG>TTAGGC) seen with mouse TRF1 is
identical to that observed with human TRF1 (19,20,25). The DNA
binding activity and relative sequence preference of in vitro
translated mTRF1 protein was indistinguishable from ex vivo
mTRF1 (Fig. 2), indicating that the isolated recombinant clone
encodes the TTAGGG repeat specific DNA binding activity.

Localization of mTRF1 to the ends of mouse metaphase
chromosomes

The mTRF1 reading frame was fused to an N-terminal sequence
encoding the FLAG epitope and expressed transiently by
transfection into mouse NIH 3T3 cells. Metaphase chromosomes
from the transfected cells were examined for the location of the
mTRF1 protein by indirect immunofluorescence microscopy
using a monoclonal antibody directed against the FLAG epitope
(Fig. 3). While metaphase chromosomes from untransfected cells
did not reveal specific staining, we consistently observed signals
at the ends of chromosomes from cells expressing the FLAG-
tagged mTRF1 gene. In addition, a punctate pattern was observed
in transfected interphase nuclei (data not shown) as expected if
mTRF1 is located at telomeres throughout the cell cycle. These
results show that, as anticipated from previous results (19),
mTRF1 represents a mouse telomeric protein.
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Figure 2. Identical TTAGGG repeat binding activities of ex vivo mTRF1 and
the protein encoded by the mTRF1 cDNA. Gel-shift reactions were performed
with a 32P-labelled double-stranded DNA probe containing 12 tandem
TTAGGG repeats in the presence of an excess (1 µg) of sheared Escherichia
coli DNA. The reactions in lanes 1–7 were carried out with 5 µg of nuclear
extract proteins isolated from the mouse J558 plasmacytoma cells. The
reactions in lanes 8–14 contained 1 µl of product mix formed by in vitro
transcription/translation of the mTRF1 plasmid. Under these conditions, no
gel-shift is observed in reactions containing in vitro transcription/translation
products formed in the absence of mTRF1 plasmid (19). Competition
experiments were performed with circular plasmids containing 1.6 kb of
TTAGGG repeats (lanes 2, 3, 9 and 10), 1.1 kb of TTGGGG repeats (lanes 4,
5, 11 and 12), and 2.0 kb of TTAGGC repeats (lanes 6, 7, 13 and 14). Competitor
DNAs (20 and 200 ng, representing 1× and 10× excess of plasmid molecules
over probe molecules) were added before the addition of protein.

Comparison of the mTRF1 and hTRF1 ORFs

Conceptual translation of the mTRF1 ORF (GenBank accession
number U65586) and the alignment of this sequence with the
hTRF1 ORF are shown in Figure 4. Although the two proteins are
clearly related, they show only 67% overall amino acid identity.
This low level of sequence conservation allowed identification of
the most conserved domains of TRF1. A high level of sequence
identity (84%) was seen in the C-terminus of the proteins where
mTRF1 and hTRF1 contain nearly identical Myb-related three
helix bundles. This region of the proteins is likely to be involved
in the recognition of the TTAGGG repeat binding site. The
sequence SVLMLKDRWRT (positions 404–413 in mTRF1),
presumed to be involved in site recognition based on the structure
of the Myb HTH fold (26), was identical in the two proteins.

In addition, the alignment of mouse and human TRF1 revealed
that TRF1 has two other conserved domains (Fig. 4A and B).
While the most N-terminal domain was not conserved in its actual
amino acid sequence, it is highly conserved in its acidic nature.
For both proteins the local pI of N-terminal acidic domains (see
Fig. 4B for coordinates) was <3.5. The acidic domain was
followed by a more highly conserved region from position 66 to
position 264 with 84% amino acid identity between mTRF1 and
hTRF1. This conserved middle domain did not reveal previously
recognized functional or structural motifs. Both mTRF1 and
hTRF1 contained putative nuclear localization signals (NLS)
within the least conserved part of the protein (Fig. 4B). Sequence
comparison also revealed several putative phosphorylation sites
that are noteworthy because they are conserved between the
mouse and human proteins (indicated in Fig. 4B).

Figure 3. mTRF1 at the ends of murine metaphase chromosomes. FLAG-
tagged mTRF1 was transiently expressed in NIH 3T3 cells and the metaphase
chromosomes from transfected cells were stained with a monoclonal antibody
directed against the FLAG epitope (green). The chromosomal DNA is stained
with DAPI (converted to red).

mTRF1 is ubiquitously expressed in somatic and
germline tissues

Northern analysis was carried out to determine the expression
pattern of mTRF1. mTRF1 detects a single polyadenylated
transcript of 1.9 kb (Fig. 5). This size suggested that the mTRF1
cDNA12-1, which contains an insert of 1.65 kb, was nearly
complete. Similar to the expression pattern of hTRF1 mRNA, the
mTRF1 transcript was detected in all somatic tissues tested. In
addition, mTRF1 was expressed in the testes where the transcript
appears slightly larger than in somatic cells. Relative to β-actin
and GAPDH mRNA levels, the expression of mTRF1 varied in
the different tissues with the highest expression level in testes.

Chromosomal localization of the human and mouse
TRF1 genes

Genomic clones containing sequence similarities to hTRF1 and
mTRF1 were isolated using the respective cDNAs as probes. To
distinguish between any pseudogenes and the expressed locus,
sequencing was carried out and intron–exon boundaries were
identified in the N-terminal half of the two TRF1 genes (data not
shown; GenBank accession numbers U70992, U70993,
U70994). Sequence analysis of the mouse genomic clone
indicates that, as expected, the intron–exon organization of the
two genes has been conserved (data not shown).

To localize the human TRF1 gene, we performed fluorescence
in situ hybridization (FISH) of a biotin-labeled hTRF1 probe to
normal human metaphase chromosomes. Hybridization of this
probe resulted in specific labelling only of chromosome 8 (Fig.
6A). Specific labelling of 8q13–21.1 was observed on four (8
cells), three (11 cells) or two (6 cells) chromatids of the
chromosome 8 homologues in 25 cells examined. Of 77 signals
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Figure 4. Comparison of the amino acid sequences of mTRF1 and hTRF1. (A) The mTRF1 amino acid sequence derived by conceptual translation of the mTRF1
cDNA was aligned to the hTRF1 sequence using Clustal W 1.5 with default settings and the alignment was imported into SeqVu for visual display. Identical amino
acids are shaded and homologies (Rao rules) are boxed. (B) Schematic of the mTRF1 and hTRF1 protein domains. Three domains are identified: an acidic N-terminal
domain (Acidic), a TRF1-specific unique domain (TRF1-specific), and the Myb-type helix–turn–helix region in the C-terminus (Myb HTH). The positions of putative
nuclear localization signals are indicated (NLS). The hTRF1 open reading frame contains two overlapping nucleoplasmin type NLS sequences that are indicated with
one block. The mTRF1 reading frame contains the putative NLS sequences KHRR (position 311) and RRKR (postition 364). Putative phosphorylation sites that are
conserved between mTRF1 and hTRF1 are shown by arrowheads. (GSK3, glycogen synthetase kinase 3; CKII, casein kinase II; PKC, protein kinase C; PKA, protein
kinase A). The level of conservation of the domains of TRF1 is indicated as the percentage of the hTRF1 amino acids that is identical to mTRF1.

Figure 5. mTRF1 mRNA is expressed in all somatic tissues and in testes.
Northern blot of polyadenylated RNA from the indicated tissues was probed for
mTRF1, β-actin and GAPDH. The size of the mTRF1 mRNA is ∼1.9 kb.

observed, 1 (1%) signal was located at 8q12, 64 (83%) signals
were located at 8q13, 6 (8%) signals were located at the junction
of 8q13–q21.1, and 6 (8%) signals were located at 8q21.1. These
results suggested that the human TRF1 gene is localized to
chromosome 8, band q13. This localization was verified by

analyzing the segregation of the gene in DNA samples from a
panel of human rodent somatic cell hybrids containing different
human chromosomes using a PCR strategy (data not shown). The
hTRF1 gene locus has not been implicated in cancer or
chromosome instability syndromes.

FISH was also used to map the mouse TRF1 gene. Biotinylated
DNA from a genomic clone containing a 5′ segment of the mouse
TRF1 gene was used in FISH to normal mouse metaphase
chromosomes. A single autosomal site of hybridization was
observed (Fig. 6B). Preliminary chromosome identification was
achieved by chromosome banding (Fig. 6B) and was confirmed by
dual in situ hybridization of the mouse TRF1 genomic clone and
a mouse chromosome 17 specific paint (data not shown). In 33 of
35 metaphases scored using this dual labeling approach, the signal
was observed on a single pair of chromosomes and these
chromosomes also hybridized to the chromosome 17 paint. No
other sites of hybridization were observed in these cases. We
conclude that the mouse TRF1 gene probe hybridizes to a single
site (band E3) on mouse chromosome 17. No part of mouse
chromosome 17 has been reported to be syntenic with human
chromosome 8. Markers along the long arm of human
chromosome 8 have been mapped to mouse chromosomes 16, 1,
4, 3 and 15 and the 8q13 region appears syntenic with parts of
mouse chromosome 3 and 4. (see http://www3.ncbi.nlm.nih/Ho-
mology/ and ref. 27).
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Figure 6. Mapping of the human and mouse TRF1 genes by in situ hybridization to metaphase chromosomes. (A) Mapping of the hTRF1 gene to human chromosome
8, band q13. The chromosome 8 homologues are identified with arrows. The inset shows partial karyotypes of two chromosome 8 homologues illustrating specific
labeling at q13 (arrowheads). (B) In situ hybridization of biotin-labeled mTRF1 genomic probe to mouse metaphase chromosomes. Specific labelling is observed at
band E3 of chromosome 17 (arrows). Images were obtained using a Zeiss Axiophot microscope coupled to a cooled charge coupled device (CCD) camera. Separate
images of DAPI stained chromosomes and the hybridization signal were merged.

DISCUSSION

Telomeres function to protect the ends of linear chromosomes via
the formation of a nucleoprotein complex composed of telomeric
repeat DNA and specific DNA binding protein(s). The telomeric
sequence TTAGGG has been conserved throughout vertebrate
evolution suggesting that the protein components of this funda-
mental chromosomal structural element would be conserved as
well. Proteins that recognize and bind to double stranded
telomeric repeats have been isolated and characterized in the
yeast Saccharomyces cerevisiae (Rap1p) and in humans
(hTRF1). Here we describe mTRF1, the mouse homolog of
hTRF1, and provide evidence that while the amino acid sequence
of these telomeric proteins is evolving rapidly, their DNA binding
domains are conserved.

The mTRF1 and hTRF1 genes show considerable sequence
divergence. The overall level of sequence identity between mouse

and human TRF1 is 67% and two large domains have >40%
identity (coordinates 1–71 and 264–278 in the hTRF1 amino acid
sequence). Human and mouse nuclear proteins typically show
>80% sequence identity. For example, the amino acid identity
levels of human and mouse c-Myb, CENP-B, PCNA,
topoisomerase I, histones, TBP and HMG17 ranges from
91–100%, while p53, lamin B2 and HMG14 show 80–85%
identity (based on data available in GenBank). Furthermore, none
of these proteins show a long (>100 aa) region of low amino acid
identity (<40%) as is found in TRF1. Similar to the divergence of
human and mouse TRF1, telomeric proteins in yeasts and ciliates
show considerable sequence divergence. For instance, the α and
β subunits of the telomere terminus proteins from Oxytricha nova
and Stylonychia mytilis share only 77 and 70% identity, respectively
(28,29), and the Rap1 protein of Kluyveromyces lactis has only 47%
of its amino acid sequence in common with its S.cerevisiae homolog
(30,31). In a testimony to the rapid evolution of yeast Rap1p, the
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K.lactis gene cannot complement a Rap1p deficiency in S.cerevisiae
(31). Thus, it appears that telomeric proteins evolve relatively fast.

Rapid divergence of telomeric proteins would explain why
Rap1p, the likely functional analog of TRF1, has very limited
sequence similarity to the mammalian telomeric proteins. Even
within the Myb homology region mTRF1 and hTRF1 show only
13% sequence identity and 30% similarity to one of the Myb repeats
of Rap1p (data not shown). No sequence similarities were noted in
the other parts of the protein. For comparison, Mif2, a candidate
yeast homolog of the mammalian CENP-C proteins, shows much
stronger levels of conservation, having two blocks in common with
these proteins in which the sequence identity is 28 and 40% (32,33).
Given the high rate of divergence of TRF1 proteins, it will be of
interest to examine the TRF1 homologs from other vertebrates.

A high rate of sequence divergence has also been noted for
another chromosomal protein, the kinetochore protein CENP-C,
which shows only 53% identity between the human and mouse
proteins (34,35). However, not all chromosomal proteins evolve
rapidly. For example, the centromere-satellite DNA binding
protein CENP-B, is highly conserved with 93% of the human and
mouse amino acid sequence being identical (36,37).

Comparison with the sequence databases does not reveal
convincing homologues of human and mouse TRF1 in other
eukaryotes and analysis of the complete yeast genome indicates
that S.cerevisiae does not have a TRF1-like gene. However, as
first noted by Bilaud et al. (38), the Myb homology region in
TRF1 is closely related to the single Myb domains present in the
plant transcription factors IBF1 and BPF1 and to the yeast protein
Tbf1p. It is interesting to note that IBF1 and BPF1 carry the Myb
homology region in the C-terminus of the protein, as does TRF1
(39,40). Tbf1p, by contrast, has a centrally located Myb domain
(41). With knowledge of the conserved features of TRF1, we can
now address the question of whether the similarity to these
proteins extends outside the Myb homology blocks. Alignment of
the conserved residues of mTRF1 and hTRF1 to these three
factors did not reveal striking additional homology. For example,
the most conserved middle domain of the TRF1 proteins
(positions 64–266) aligned to BPF1, IBP1 and Tbf1p revealed
identity levels of 11–17%. Whether such low identity levels are
significant is not clear at this stage.

The sequence of mTRF1 and hTRF1 revealed several putative
phosphorylation sites that are conserved (Fig. 4B). Interestingly, one
of these sites (at position 354/355) is placed at the same distance
N-terminal of the Myb domain as a regulatory site in the c-Myb
oncoproteins (42,43) and a similarly positioned conserved PKC site
is found upstream of the second Myb motif in Rap1p (24,31). A
second phosphorylation site that is shared between Myb
oncoproteins, Rap1 proteins and TRF1 proteins is the PKC site just
beyond the third (recognition) helix. While there is evidence that the
DNA binding activity of Rap1p is modulated by the phosphorylation
state of its DNA binding domain (44), the possible role of
phosphorylation in TRF1 function has not been examined so far.

The hTRF1 cDNA sequence contains a (GAG)8 triplet repeat
array that codes for a stretch of glutamic acid residues in the acidic
domain. Since mTRF1 carries only a single glutamic acid residue
at this position, the length of the repeat region is probably not
important for TRF1 function. A PCR approach was used to
identify possible instability in the hTRF1 triplet repeat array. No
change in array size was noted in a survey that included normal
peripheral blood and germline DNA from four healthy donors,
five breast carcinomas, 11 ovarian carcinomas, and 18 hereditary

non-polyposis colon carcinoma samples with known
microsatellite instability (S.O., D.B., R. Darnell, M. Dunlop, L.
van’t Veer, and T.d.L., unpublished observations). Thus, the
polyglutamic acid triplet repeat array in the hTRF1 gene does not
appear to be a target for microsatellite instability in human cancer.

Although the human and mouse TRF1 proteins show a high
degree of amino acid divergence, biochemically they appear
nearly indistinguishable. Both proteins are of approximately the
same size (55–60 kDa), bind to TTAGGG repeat DNA with the
same sequence preference, and form gel-shift complexes that
migrate similarly (data not shown). The proteins share three
conserved domains: they have nearly identical regions of
homology to the Myb oncoproteins in an area of TRF1 that is
implicated in DNA binding. In addition, they share a highly acidic
N-terminus and a unique middle domain. Most likely these two
regions are involved in protein–protein interactions. Thus, at least
one component of the mammalian telomeric complex, TRF1, is
functionally conserved.

Both hTRF1 and mTRF1 mRNAs are expressed in all normal
somatic tissues, in cell lines, and in mouse mammary tumors (19;
this work; D.B. and T.d.L., unpublished observations). This
ubiquitous expression pattern is consistent with a role in
chromosome maintenance. The highest level of expression of
mTRF1 mRNA was found in the testes. This is intriguing given
the high level of expression of telomerase in mammalian testes
(45,46; D.B. and T.d.L., unpublished observations) and
speculations on the potential role of telomeres during prophase of
meiosis I in mediating chromosome movements and the onset of
synapsis (reviewed in 47). The availability of the mouse TRF1
gene will now allow us to assess the somatic and germline
phenotypes of TRF1-deficient mice.

MATERIALS AND METHODS

Isolation and sequence analysis of mouse cDNAs

A mouse brain cDNA library in the λZAPII vector (Stratagene)
was screened with a fragment that spans the N-terminal 800 bp
of the human TRF1 open reading frame. This fragment was
excised from a low melting point agarose gel, and labelled by
random priming using both [α-32P]dCTP and [α-32P]dGTP.
Hybridizations were carried out at 55�C essentially as described
by Church and Gilbert (48) except that the hybridization solution
contained 100 µg of sonicated, denatured HeLa DNA. The filters
were washed in 1× SSC/0.1% SDS at 55�C. Phage were
converted into plasmid clones following protocols provided by
the manufacturer. Plasmid DNA was isolated and sequenced
following standard procedures using Sequenase v.2.0.
Comparison of the mTRF1 sequence to hTRF1 was executed
using Clustal W 1.5 with default settings (gap opening penalty of
10.0 and gap extension penalty of 0.05). The same settings were
used to compare the mTRF1 and hTRF1 sequences to IBP1,
BPF1 and Tbf1p. Database searches (GenBank) were executed
using the NCBI tblastn program on June 13, 1996. Outside the
Myb homology region, mTRF1 matched hTRF1 but no other
sequences present in the databases (probability score <0.05). The
mTRF1 GenBank accession number is U65586.

Electrophoretic mobility shift assays

The mouse myeloma cell line J558 (ATCC TIB6) was maintained
in DMEM supplemented with 10% bovine calf serum, antibiotics
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and glutamine. Nuclear extract was prepared as described by
Zhong et al. (20). The EcoRI–XhoI fragment of mTRF1,
representing the entire ORF, was subcloned into pET28 vector
and used to produce protein in a coupled in vitro
transcription-translation reaction (Promega). Preparation of the
[TTAGGG]12 gel-shift probe, binding reactions, detection of
protein–DNA complexes, and competition experiments were
carried out as described (19,20,25).

Immunofluorescence

The mTRF1 reading frame was fused to the Met-Asp-Tyr-Lys-
Asp-Asp-Asp-Asp-Lys (FLAG) epitope sequences at the N-
terminus and inserted in pRc/CMV (InVitrogen). Murine NIH
3T3 fibroblasts were transfected by electroporation and pro-
cessed for metaphase preparation 24 h post-transfection as
described (19). Immunofluorescence using Mab M2 (Eastman
Kodak) directed against the FLAG epitope was as previously
described by Chong et al. (19). Images were obtained using a
Zeiss Axioplan microscope and a Kodak DCS-200 digital camera.
Images were filtered with a 3×3 medium filter and merged in Adobe
Photoshop. Chromosomes were stained with DAPI and converted
to false-red to aid photographic reproduction.

Northern analysis

A membrane containing size-fractionated polyadenylated RNA
from a variety of mouse tissues (Clontech) was hybridized
sequentially with the mTRF1, β-actin, and GAPDH DNA probes.
All probes were labelled by random priming using both
[α-32P]dCTP and [α-32P]dGTP. Hybridizations were carried out
at 65�C as described (19) with washing in 0.3× SSC/0.1% SDS
at 65�C for 30 min. Probes were removed between successive
hybridizations by incubation for 15 min in 2 mM Na2PO4, pH
7.2/1.5 mM NaCl/0.5% SDS at 95�C.

Isolation of genomic clones 

DNA probes spanning the entire ORFs of mTRF1 and hTRF1
were used to screen mouse (Sv/129, Stratagene) or human
(HT1080, Stratagene) genomic libraries, respectively. The probes
were labelled by random priming using [α-32P]dCTP and
[α-32P]dGTP. Hybridizations were carried out at 65�C as
described above for the isolation of mTRF1 cDNA. The library
filters were washed at 0.3× SSC/0.1% SDS at 65�C. DNA was
prepared from liquid lysates of purified lambda phages.
Restriction enzyme mapping was used to identify candidate
phage (phage 14-2 for the mouse and phage 11-1 for the human
gene) containing the expressed genes for mTRF1 and hTRF1,
respectively. The NotI inserts from purified lambda phages were
subcloned into pBluescript SK– for sequencing (see above) and
FISH analysis. The GenBank accession numbers for the genomic
sequences are U70992, U70993, U70994.

FISH to human and mouse chromosomes

Human metaphase cells were prepared from phytohemag-
glutinin-stimulated peripheral blood lymphocytes. The hTRF1
probe was a plasmid subclone of the 17.5 kb insert in a genomic
lambda clone (clone p11-1), isolated from a Stratagene HT1080
library. FISH was performed as previously described (49).
Biotin-labelled probes were prepared by nick-translation using

biotin-11-dUTP (Enzo Diagnostics). Hybridization was detected
with fluorescein-conjugated avidin (Vector Laboratories), and
chromosomes were identified by staining with 4,6-diamidino-
2-phenylindole-dihydrochloride (DAPI).

Metaphase chromosomes from the mouse CGR-ES cell line were
prepared by methanol:acetic acid fixation (50). A plasmid carrying
the NotI fragment from a phage containing part of the mouse TRF1
gene (plasmid m14-19) was nick translated in the presence of
biotin-16-dUTP (Boehringer Mannheim) and hybridized to mouse
metaphase chromosomes in the presence of salmon sperm DNA and
mouse Cot-1 DNA (Gibco-BRL) as described (50). Hybridization
was detected as described for FISH on human metaphase
chromosomes (above). Initial chromosome identification was made
by enhancement of the DAPI counterstain and confirmed by dual in
situ hybridization of probe m14-19 with a chromosome 17 specific
paint (Cambio) following the manufacturer’s instructions.

Chromosomal mapping using a somatic cell hybrid panel

The chromosomal localization of hTRF1 was determined using the
NIGMS human/rodent somatic cell hybrid panel #2 (Coriell Institute
for Medical Research, Camden, NJ) and PCR with oligonucleotide
primers T1-F (5′-CGAGCCATTTAACATGGCGGA-3′) and T3-R
(5′-TCGGCCACCAGGCCCGCG-3′). The PCR was performed in
a 25 µl reaction mixture containing 50–100 ng of genomic hybrid
DNA in 50 mM KCl, 10 mM Tris-HCl pH 8.3, 1.5 mM MgCl2, 10
pmol of each primer, 100 µM of each dNTP (dATP, dCTP, dGTP,
dTTP), and 1.5 U of Taq polymerase (AmpliTaq, Perkin Elmer
Cetus). DNA was denatured at 94�C for 5 min, followed by 35
cycles of denaturation at 94�C for 30 s, annealing at 60�C for 1 min,
extension at 72�C for 1 min and a final extension step of 10 min.
The PCR was carried out in a GeneAmp 9600 PCR system and
PCR products were analyzed on a 2% 1× TBE agarose gel.
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