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ABSTRACT
We present a strategy for the cloning of DNA
sequences adjacent to the tandemly repeated DNA
sequence (TTAGGG)n. Sequence analysis of 14
independently isolated clones revealed the presence
of non-repetitive sequences immediately adjacent to or
flanked by blocks of the simple repeat (TTAGGG)n. In
addition, we provide sequence information on two
previously undescribed tandemly repeated sequences,
including a 9 bp repeat and a modification of the
(TTAGGG) n repeat. Using different mapping
approaches six sub-clones, free of the TTAGGG repeat,
were assigned to a single human chromosome.
Moreover, in situ hybridization mapped one of these
subclones, G2 - 1H, definitively to the telomeric band
on chromosome 4q. However, Bal 31 insensitivity
suggests a location in a more subterminal region. All
the (TTAGGG)n-adjacent unique sequences tested are
highly conserved among primates but are not present
in other mammalian species. Identification and
mapping of TTAGGG-adjacent sequences will provide
a refined insight into the genomic organization of the
(TTAGGG)n repeat. The isolation of chromosome
specific TTAGGG-adjacent sequences from
subtelomeric regions of all human chromosomes will
serve as important end points for the genetic maps and
will be useful for the molecular characterization of
chromosomal rearrangements involving telomeres.

INTRODUCTION
The ends of all eucaryotic chromosomes are capped by telomeric
structures which are composed of tandem reiterations of simple
repeats (1). These simple repetitive sequences have a G- and Crich strand with a 5' to 3' orientation of the G-rich strand toward

the telomere (2). The common structural features likely confer
upon the telomeres the capacity for replication (3-5) meiotic
pairing (6) and stability (7,8).
Recently a tandemly repeated DNA sequence (TTAGGG)n
has been cloned and shown to reside in major clusters at the ends
of all human chromosomes (9). This hexanucleotide sequence
is identical to the tandem repeat sequence previously identified
at the telomeres of trypanosomes (10) and has recently been
shown to be highly conserved among 91 different species of
vertebrates including representative orders of bony fish, reptiles,
amphibians, birds and mammals (11). In addition a human
telomerase activity that catalyzes the addition of (TTAGGG)n
repeats onto the 3' ends of telomeric oligonucleotide primers has
been characterized (12) and provides further evidence that tandem
arrays of the (TTAGGG)n repeat constitute the extreme ends of
all human chromosomes. Southern hybridization experiments
identified two additional G-rich repeats (TTGGGG)n and
(TGAGGG)n and suggested that these sequences reside at most
or all human telomeres with a non random distribution (13). More
recently, the successful cloning of human telomeres in modified
yeast artifical chromosome (YAC) vectors has been reported
(14,15,16). However, more detailed analysis including sequence
data from TTAGGG-adjacent sequences has not yet been
reported.
In this manuscript we describe a new strategy for the cloning
of sequences adjacent to the human telomeric repeat
(TTAGGG) n . This method employs one synthetic
oligonucleotide primer derived from the human telomeric repeat
(TTAGGG)n in a polymerase mediated primer extension
reaction. Priming occurs within the block of telomeric repeats
and can extend into adjacent non-(TTAGGG)n sequences. We
provide detailed sequence analysis confirming the presence of
non-(TTAGGG)n sequences adjacent to telomeric repeats. A
combination of different mapping techniques has localized six
of the unique sequences to different human chromosomes. Fine
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mapping by in situ hybridization assigned one clone to the
telomeric region of 4q. Bal 31 experiments suggest a location
of at least 30 kb from the end of the chromosome.
MATERIALS AND METHODS
Strategy for cloning sequences adjacent to the human
telomeric repeat (TTAGGG)n
In an effort to isolate sequences adjacent to human telomeric
repeats on chromosome 4 a variation of the polymerase chain
reaction (PCR) was applied to flow purified chromosomes. The
strategy outlined in figure 1 involves rounds of Taq-polymerase
mediated linear amplifications with either primer (TTAGGG)4
or (CCCTAA)4. These primer sequences were derived from
cloned human repeats which have been shown to reside in major
clusters at all human telomeres (9). The synthetic oligonucleotides
were designed to exploit the inverse polarity of the G- and Crich strands known to exist in lower eucaryotic telomeres and
hypothesized to be conserved in human. Theoretically, 2 types
of sequences can be expected. Priming should occur in the
telomeric sequences and the primer can either extend within
contiguous blocks of the repeat or into adjacent subtelomeric
sequences. The single-stranded extension products were made
double-stranded by Klenow polymerase-mediated randomly
primed synthesis (17). T4 polymerase blunt-ending and ligation
of Eco RI adaptors resulted in fragments which were cloned into
the bluescript vector pBT-KS(+)(Stratagene).
DNA sources
Dual-beam high-speed sorting (18) has been used to sort
approximately 500 human chromosome 4 per vial from a human
X hamster cell line (UV 20 HL 21-27) containing human
chromosomes 4,8 and 21. Initial experiments were done with
human genomic DNA which was sheared by passing through a
25 gauge needle.
Primer extension reaction
Human genomic DNA or flow-sorted chromosome 4
(approximately 500 chromosomes per reaction) served as
templates throughout the rounds of amplification. With one
primer only (TTAGGG)4 or (CCCTAA)4, 40 pmole/100 fi\
reaction), 100 /tM of each dNTP and 2 units of Taq polymerase
in 50 mM KC1, 10 mM Tris-HCl, 1.5 mM MgCl 2 , 0.01%
gelatin, the telomeric repeat was extended in 30 (genomic DNA)
or 60 cycles (flow sorted chromosomes) of 94 °C denaturation
(1 min) 51°C annealing (1 min) and 72°C extension (1 min).
Second strand synthesis
The reaction product was boiled for 2 min then chilled on ice.
The randomly primed second strand synthesis was done as
previously described but with all four nucleotides at 100/tM and
10 /iCi32P-dCTP for monitoring the DNA yield and size.
Blunt-ending reaction
The reaction mix was heated to 70°C for 10 min and subsequently
chilled on ice. After addition of 10 units of T4 DNA polymerase,
the mix was incubated at 37°C for 10 min. The enzyme was
inactivated by adjusting the mix to 20mM EDTA.
Adaptor ligation and transformation
DNA was extracted twice from phenol/chloroform/
isoamylalcohol and precipitated with 0.1 volume of 3M NaOAc,

2.5 volume of 96% ethanol. Adaptors NTB pi8/22 (19) were
ligated in a 3:1 molar excess to the resuspended DNA in 0.05M
Tris-HCl pH 7.6, lOmM MgCl2, lmM ATP, lmM DTT, 5%
polyethylene glycol (PEG) 8000 with 10 units of T4 DNA ligase
at 15°C for 14 hours. Removing of the unreacted adaptors was
achieved by running the ligation mix through a Sepharose CL-4B
column. The fractions were monitored for fragment sizes on an
agarose gel and DNA fragments larger than 100 bp were collected
and ligated into the Eco RI site of the bluescript KS(+) vector
(Stratagene). Transformation in MAX Efficiency DH5a
Competent Cells (BRL) was achieved following the supplier's
protocol. The colonies were screened with radio-labeled human
DNA to identify recombinant clones.
The polymerase chain reaction (PCR)
Oligonucleotides were synthesized on a PCR-Mate 391 DNAsynthesizer (Applied Biosystems, Inc.), or the Gene Assembler
Plus (Pharmacia LKB) and purified according to the
manufacturers recommendations.
PCR reaction conditions were done as described previously
(20) with minor modifications. Briefly, automated cycles (30-35)
of PCR were performed with denaturation (94°C/1 min),
annealing (see table 1) and extension (72°C/1 min) in a total
volume of 100 fi\ per reaction using genomic DNA as template
(100 ng), each primer at 0.50/iM, each dNTP at IOOJIM, 1X
PCR-buffer (Perkin-Elmer-Cetus) with varying concentrations
of MgCl2 (see table 1) and 2 units of Taq DNA polymerase. A
10 yl aliquot of each reaction mixture was subjected to
electrophoresis on a 1.5% agarose gel at 80 V for 3h and was
subsequently stained with ethidium bromide.
Plasmid DNA preparation
The alkaline lysis protocol for rapid plasmid DNA preparation
was used as described (21).
Sequencing of primer-extended clones
The plasmid DNA was PEG-purified and subsequently alkaline
denatured according to Hattori and Sakaki (22). Double-strand
dideoxy sequencing using the KS (CGAGGTCGACGGTATCG)
and SK primers (TCTAGAACTAGTGGATC) which flank the
EcoRI insertion site of the bluescript KS(+) vector was done
as described (23,24) with the heat stable Sequenase Version 2.0
DNA Polymerase (UBS, Cleveland, Ohio).
PCR mapping
Genomic DNA from a panel of 27 human-hamster hybrid cell
lines (BIOS Corp., New Haven) plus human and hamster controls
were used as templates for chromosome localization of the cloned
fragments. The conditions for the PCR are given in table 1. A
panel of 15 human-rodent somatic cell hybrids and a panel
containing translocations and derivatives of chromosome 10 were
kindly provided by Drs G Bruns, Boston and P Goodfellow,
Vancouver respectively.
Chromosomal panel blots
Commercially prepared chromosome panels containing human,
human x hamster somatic cell hybrids, together representing
the entire human karyotype and hamster DNAs were used in this
study (BlOS-Corp, New Haven). Prehybridization, hybridization
and washing was performed following the manufacturers
instructions.
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In situ hybridization
In situ hybridization to metaphase chromosomes on microscope
slides was carried out according to the technique of Harper and
Saunders (25). The chromosomes were treated for 1 hour with
RNase heat denatured and dehydrated in an alcohol series.
Hybridization was done in 50% formamide /2XSSPE, 10%
dextran sulphate, 0.8 mg/ml sonicated denatured human placental
DNA and 0.5 mg/ml denatured probe. DNA probe G2-1H was
radiolabeled by random priming using 3H-dTTP and 3H-dCTP
(17). After washing the slides were covered with Kodak
autoradiographic NTB-2 liquid emulsion and exposed for 4 to
6 days. Chromosomes were identified after R-banding (26). For
illustrative purposes, preparations were destained in methanol
and stained with Wright's (27).
RESULTS
We have devised a variation of the PCR technique to identify
sequences adjacent to the human telomere associated repeat
(TTAGGG)n (fig 1). 4032 recombinant clones were isolated
from 2 independently constructed libraries using either primer
(TTAGGG)4 or (CCCTAA)4 and flow sorted human
chromosome 4 in a polymerase mediated amplification reaction.
The clones were archived in 96 well microtiter plates and
screened with radiolabelled total human DNA. A total of 139
clones gave positive hybridization signals and 62 of these had
inserts greater than 100 bp.

Structural characterization of primer-extended clones
A total of 14 independently isolated clones were analyzed in more
detail. Sequence analysis of these clones is summarized
schematically in figure 2. All clones characterized consist of
varying stretches of telomeric repeats (TTAGGG)n and except
for clone Y9, of adjacent non-telomeric sequences. Clone Y9
consists exclusively of 181 bp of the telomeric repetitive sequence
(TTAGGG)n. The remaining 13 clones can be classified into 3
main groups with (i) unique sequences immediately adjacent to
a block of (TTAGGG)n repeats, (ii) unique sequences flanked
by telomeric repeats with an inverse 5' to 3' orientation of the
(TTAGGG)n sequence, (iii) simple or highly complex repetitive
sequences adjacent to the telomeric repeat.
Clone G2 is 1096 bp in length and represents a chimeric clone
resulting from ligation of noncontiguous sequences during the
cloning procedure. Sequence analysis and subsequent southern
analysis has unambiguously defined the junction of these two
clones and allowed their independent analysis (referred to as G2-1
and G2-2).
XI57, G2-1, G7, Y2 and Yll represent clones of the first
group. These clones are all characterized by the presence of
unique sequence DNA adjacent to variable length tandem repeats
of the form (TTAGGG)n. Figure 4b shows the nucleotide
sequence of clone Y2. This sequence is remarkable in that the
adjacent unique DNA in this clone is composed of 78% G+T
residues.
Sequence analysis revealed significant sequence similarity
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Figure 1. Schematic outline of the strategy for cloning sequences adjacent to the telomeric repeat (TTAGGG)n. The Klenow second strand synthesis was accomplished
by random priming of the denatured primer extension products.

