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DNA minor groove-binding compounds (polyamides)
that target insect and vertebrate telomeric repeats
with high specificity were synthesized. Base pair
recognition of these polyamides is based on the
presence of the heterocyclic amino acids pyrrole and
imidazole. One compound (TH52B) interacts uniquely
and with excellent specificity (Kq = 0.12 nM) with two
consecutive insect-type telomeric repeats (TTAGG).
A related compound, TH59, displays high specificity
(Kq = 0.5 nM) for tandem vertebrate (TTAGGG) and
insect telomeric repeats. The high affinity and specifi-
city of these compounds were achieved by bidentate
binding of two flexibly linked DNA-binding moieties.
Epifluorescence microscopy studies show that fluores-
cent derivatives of TH52B and THS9 stain insect or
vertebrate telomeres of chromosomes and nuclei
sharply. Importantly, the telomere-specific polyamide
signals of HeLa chromosomes co-localize with the
immunofluorescence signals of the telomere-binding
protein TRF1. Our results demonstrate that telomere-
specific compounds allow rapid estimation of relative
telomere length. The insect-specific compound TH52
was shown to be incorporated rapidly into growing
Sf9 cells, underlining the potential of these compounds
for telomere biology and possibly human medicine.
Keywords: DNA minor groove/DNA sequence-specific
polyamides/telomeres/TRF1

Introduction

One of the striking features of eukaryotic chromosomes is
their low gene density. Human chromosome 21 is
especially gene poor; although it contains 33.55 Mbp, it
harbors only an estimated 284 genes (Hattori et al., 2000).
One particularly long non-genic DNA stretch of chromo-
some 21 encompasses 7 Mb and contains only one gene.
This kind of gene-poor region embraces almost 10 Mb or
one-third of chromosome 21. The functions (if any) of
these and other non-genic regions are unknown, and
genetic tools to dissect their roles are largely lacking. To
overcome this experimental void, we propose that
sequence-specific artificial proteins and/or small mol-
ecules may serve as tools. Upon binding to the non-genic
DNA of interest, it is hoped that such molecules can
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perturb and possibly reveal the functions of the targeted
DNA elements.

Attempts at achieving the above goal led to the
synthesis of an artificial protein termed MATH (for
multi-AT hooks), which bound non-genic, AT-rich regions
called SARs (scaffold-associated regions) with high
specificity. SARs are candidate cis-acting elements of
chromosome dynamics (for a review see Hart and
Laemmli, 1998)). In support of such a role, we observed
that MATH?20 (an 80 kDa protein containing 20 AT hooks)
specifically inhibited chromosome condensation in mitotic
Xenopus extracts (Strick and Laemmli, 1995). Moreover,
expression of MATH20 in Drosophila melanogaster was
found to suppress the position effect variegation (PEV)
phenotype of white-mottled (w™*) flies (Girard et al.,
1998). We proposed that suppression of PEV is due to the
binding of MATH20 to the SAR-like, centric satellite III,
ensuring chromatin opening and a reduced spreading of its
heterochromatic state toward the whife gene.

To extend this approach, we synthesized DNA-binding
compounds (referred to as polyamides) composed of
heterocylic amino acids (see below), which bind different
D.melanogaster satellites with high specificity (Janssen
et al., 2000b). Remarkably, these drugs, when fed to
developing Drosophila, caused gain- or loss-of-function
phenotypes with white-mottled or brown-dominant flies,
respectively (Janssen et al., 2000a). Both phenomena are
explained at the molecular level by chromatin opening
(increased accessibility) of the targeted DNA satellites.
The biological insights obtained suggested that satellite
sequences are not passive evolutionary residues, but
essential components of gene regulation circuits. Our
observations suggest that sequence-specific artificial
proteins and polyamides can serve as powerful and
innovative tools for many different applications, thereby
yielding important biological information.

The data obtained with the aforementioned polyamides
are based on recent important progress, which described
the synthesis of such molecules (Geierstanger et al.,
1994). Polyamides composed of N-methylpyrrole (Py) and
N-methylimidazole (Im) amino acids can target many
predetermined DNA sequences with high specificity (for a
recent review see Wemmer, 2000). Specific recognition of
the base pairs is based on the principle that these linear
compounds can fold to adopt a U-shaped conformation
(hairpins) in the minor groove due to the presence of a
flexible ‘turn monomer’ (y-aminobutyric acid). As a result,
the heterocyclic pyrrole and imidazole rings form side-by-
side pairs that are accommodated in the minor groove. An
Im/Py pair targets a G—C base pair, while a Py/Im pair
recognizes C—G. A Py/Py pair is partially degenerate and
binds both A—T and T—A base pairs (White et al., 1997). A
limitation of these compounds is that when these aromatic
rings are coupled contiguously, it seems impossible to
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Fig. 1. Schematic structure of telomere compounds used in this study.

N-methylpyrrole rings are represented by open circles. The flexible,
hydrophilic linker (8-amino-3,6-dioxaoctanoic acid) is indicated by a
boxed L. The C-terminal dimethylaminopropylamide (Dp) is
represented by a plus sign. A diamond represents [3-alanine.
N-methylimidazole is represented by a black circle. The y-turn
monomer (R-2,4,-diaminobutyric acid) is indicated by a curved line.
The solid wedge attached to the plus sign (in the y-turn monomer)
represents the amino substitution at C2. Chemical structures of the
symbols used are shown at the bottom.
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target stretches of >7 bp without seriously compromising
binding specificity and affinity. However, studies demon-
strated that longer sequences can be targeted by tethering
DNA-binding moieties with flexible linker molecules
(Herman et al., 1999; Janssen et al., 2000b).

The in vivo drug experiments with D.melanogaster
discussed above encouraged us to explore further the
experimental potential of polyamides as tools and bio-
logical interference agents. The ends of chromosomes are
capped by structures called telomeres. These subchromo-
somal structures are for several reasons ‘ideal’ and
interesting polyamide targets: telomeres of most eukary-
otes are defined by tandem short DNA repeats and
encompass in humans a total length of ~300 kb per
haploid genome. Hence, telomeric repeats are consider-
ably less abundant than those of DNA satellites (several
megabases) and targeting these subchromosomal regions
is therefore more challenging. This problem is com-
pounded by the fact that vertebrate telomeric repeats
(TTAGGG) contain three consecutive Gs, which are
considered to be a difficult polyamide target. Telomeres
are positioned conspicuously at the ends of chromosomes,
hence, it should be possible to evaluate unequivocally the
specificity of such polyamides using fluorescently tagged
compounds and fluorescence microscopy. Telomeres are
non-genic sequences whose structure and function are well
studied (for a review see McEachern et al., 2000). This
system allows a comparison of the biological effect
obtained with polyamides and the effects obtained by
genetic means. Last, but not least, telomere biology is
often altered in cancer cells and is generally manifested by
activation of telomerase (for reviews see Prescott and
Blackburn, 1999; Oulton and Harrington, 2000). Although
the relationship between telomere length, telomerase
activity, senescence, and normal and neoplastic growth
is a complex issue (Blackburn, 2000), telomere-specific
polyamides may serve as new tools to address this issue
and may lead to the development of agents that inhibit
neoplastic growth.

The most dominant telomeric repeat of vertebrates
consists of hexameric TTAGGG repeats (Meyne et al.,
1989). A related pentameric repeat (TTAGG) occurs at
telomeres of many insect species (Sahara et al., 1999). We
describe here the synthesis of polyamides that interact
differentially with either insect or vertebrate telomeric
repeats with a remarkable specificity.

Results

Targeting insect TTAGG telomeric repeats
Two hairpin polyamides, H64 and H65, were designed to
bind an insect TTAGG telomeric repeat. H64 and H65
differ by only one extra pyrrole at the C-terminus
(Figure 1). The N-terminus of both hairpins carries two
imidazole rings to accommodate the GG dinucleotide.
Since a pyrrole ring C-terminal of imidazole (in hairpin
polyamides) systematically shows a strong preference for
GT over GA, the consensus sequence of H64 and H65 can
thus be defined as WWGGTW (W = A or T base) and
WGGTW, respectively. The structural basis for this is not
fully understood (Kielkopf et al., 2000).

Figure 2A shows a DNase I footprint obtained with H64
on a probe containing four tandem TTAGG repeats and
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Fig. 2. DNase I footprinting experiments of the telomere-specific compounds. Ligand concentrations (in nM) are indicated at the top of each lane. The
letter G refers to a G nucleotide cleavage reaction. (A) The monomeric hairpin H64 or its homodimer TH52A preferably binds TTAGG repeats (the
bottom C-rich strand that contains AATCC is labeled) but also protects several mismatch sequences on the vector at higher concentrations. TH52A
possesses increased affinity but unimproved specificity. (B) TH52B possesses excellent specificity for TTAGG repeats. Again, the bottom C-rich
strand is shown. Unlike H64 and TH52A, high specificity is retained even at a concentration several hundred times that required for protection. The
position of the band that is not protected in the CCTAA repeats by TH52B corresponds to the adenine base positioned on the linker. (C) Footprint of
THS52B on the top G-rich strand of the same probe as in (A) and (B), showing that TH52B protects TTAGG repeats at subnanomolar concentrations.
(D) Insertion of an unpaired imidazole in compound TH57 coupled to the linker generates binding preference for TTAGGG repeats over TTAGG
repeats. The bottom C-rich strand is labeled. (E) When an imidazole is also inserted at the same position in the C-terminal hairpin (left), the resulting
compound (TH59) has affinity similar to TH57 and binds TTAGG and TTAGGG repeats equally well. (F) The TH59 ‘monomer’ H60 shows lower

specificity for telomeric repeats than the tandem hairpin TH59, but similar affinity.
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four tandem TTAGGG repeats. Examination of this panel
demonstrates that H64 (left) protects the TTAGG re-
peats at subnanomolar concentrations (K,p, <1 nM), but
interacts less well with the TTAGGG units (K,pp >5 nM).
Closer inspection of the H64 footprint data reveals that at
higher concentrations a number of additional sequences
become protected. The most prominent occurs at the
sequence TTACGAAT (indicated). H64 interacts with this
sequence similarly well as with the hexameric repeats
(Kapp >50 nM). Unexpectedly, the smaller compound H65
displayed only very weak affinity for either sequence; only
at a concentration >100 nM was some protection of insect
repeats observed (not shown).

We previously demonstrated that dimerization of DNA-
binding moieties with a flexible linker can result in an
improved binding specificity (Janssen et al., 2000b). This
enhanced specificity is thought to occur by an enlargement
of binding site size and a discrimination against partial
match sites. To improve specificity for TTAGG repeats,
H64 was therefore converted into a homodimer, termed
THS52A, which is expected to bind the 11 bp sequence
TAGGTTAGGTT as depicted in Figure 1. However,
surprisingly, although TH52A had a 10- to 20-fold
increased affinity compared with H64 (Figure 2A), its
specificity was unimpressive since it bound many sites
along the probe and protected almost the entire probe
(coating) at a concentration >2.5 nM.

In an attempt to increase specificity further, we next
synthesized a heterodimer termed TH52B by linking H64
and H65. This dimer is expected to target the 10 bp
sequence AGGTTAGGTT (Figure 1). DNase I footprint-
ing revealed a remarkably improved specificity of inter-
action for TH52B (Figure 2B). Whereas the affinity was
not significantly increased as compared with H64, the
tandem hairpin TH52B displayed much higher specificity
for its target binding site (TTAGG repeats), since it is
almost devoid of affinity for hexameric TTAGGG repeats
(Kapp ~500 nM).

The equilibrium dissociation constant (Ky) for TH52B
was determined at 0.12 nM by quantitative DNase I
footprinting (Wade et al., 1993; Figure 2C). Most import-
antly, TH52B, as opposed to its monomer H64 and dimer
THS52A, no longer interacted with the TTACGAAT
mismatch (or any other sequence on the probe) even at
the highest concentration of 500 nM (Figure 2B).

These experiments demonstrate that linking DNA-
binding moieties can dramatically improve the binding
specificity of polyamides (see also Herman et al., 1999).
They also illustrate the subtlety and apparent unpredict-
ability of the DNA recognition rules, as illustrated by
the difference in behavior between TH52A and TH52B;
although these molecules are very similar, TH52B (lack-
ing only one pyrrole ring) has a much higher specificity
than TH52A.

Behavior of the flexible linker

The binding scheme for TH52B (Figure 1) suggests that
the ethylene oxide linker of TH52B spans the central A
(bold) of its 10 bp AGGTTAGGTT target. We carried out
a number of initial footprinting studies to establish the
‘linker rules’ at this position. This central A was either
deleted or replaced with any nucleotide. Footprint studies
indicated that T and A are equally well tolerated at this
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position, but that replacement of this central A by a G
reduced the affinity by ~4-fold and that replacement by a C
abolished binding altogether (not shown). Also poorly
tolerated was a deletion of this central A or the insertion of
any nucleotide 3’ of it. Thus, the ethylene oxide linker is
best suited to bridge a single W nucleotide.

To determine the effect of linker length, we synthesized
two compounds with a shorter, aliphatic, methylene linker
(B-alanine and 5-aminovaleric acid) and one tandem
hairpin with a longer linker composed of two amphipathic
8-aminodioxaoctanoic acid units. The latter linker adds 18
interatomic bonds and has an amphipathic character due to
the presence of the ethylene oxide units. This tandem
hairpin showed binding affinity similar to its parent
THS52B (containing nine interatomic bonds) but an
increased affinity for its ‘mismatch’ sequence TTAGGG
(increased from ~500 to 10 nM) (not shown). The shorter
[B-alanine linker (adding four interatomic bonds) showed
both lowered affinity and specificity. Affinity was lowered
by 15- to 20-fold and it bound many mismatch sites on the
probe, suggesting that this linker is too short to allow
proper binding of both hairpins. The valeric acid-spaced
tandem hairpin (adding six interatomic bonds) was similar
to its parent TH52B in both affinity and specificity,
suggesting that the original linker is longer than necessary
but that there is no entropic penalty to be paid up to (at
least) nine interatomic bonds.

Targeting vertebrate TTAGGG telomeric repeats
Recognition of the additional G of the vertebrate
hexameric telomere repeat could, in principle, be obtained
easily by the addition of an extra imidazole in each hairpin
of the tandem hairpin TH52B. A related sequence
containing three consecutive Gs (AGGGA) was targeted
previously by a hairpin containing three consecutive
imidazoles  [ImImImPy-y-PyPyPyPy-B-Dp; (Swalley
et al., 1996), where 7y represents the y-aminobutyric acid
turn monomer and Dp represents dimethylaminopropyl-
amide]. We therefore synthesized a new tandem hairpin
polyamide termed TH58 containing an additional imida-
zole in each hairpin (Figure 1). Surprisingly, subsequent
binding analysis by DNase I footprinting showed that
THS58 did not protect TTAGGG repeats (nor any other
sequence) up to the highest concentration tested (50 nM;
not shown).

Hence, we considered an alternative drug design for the
recognition of TTAGGG repeats by moving one of the
three imidazoles to the opposite side of the hairpin and
leaving it ‘unpaired’. Few data have been published about
unpaired imidazoles (without the opposite pyrrole) and
their sequence preference. In our experience, unpaired
imidazoles recognize both G-C and C-G base pairs
(Janssen et al., 2000a), which is in accordance with the
central location of the guanine exocyclic amine group in
the minor groove (White er al., 1997 and references
therein). The structure of the compound in which this
principle is applied in the N-terminal hairpin is schema-
tized in Figure 1 (compound TH57). The binding behavior
of TH57 was evaluated by DNase I footprinting. Figure 2D
shows that binding of TH57 to TTAGGG repeats (the
opposite strand, CCCTAA, is labeled) now occurs at
low nanomolar concentrations (K,p, ~3 nM). At higher
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concentrations, binding to TTAGG repeats is also observed
(Kapp ~10 nM).

We next synthesized a tandem hairpin polyamide where
both hairpins have the same design as the N-terminal
hairpin of TH57 (with the third Im moved to the ‘bottom’).
The schematic structure of this new compound (termed
THS59) is shown in Figure 1. The chemical structure of
THS59 and a speculative binding model is shown in
Figure 3. DNase I footprint analysis of TH59 (Figure 2E)
showed that this compound bound with slightly increased
affinity to its target sequence TTAGGG, but cannot
discriminate between the two different telomeric
sequences. The equilibrium dissociation constant (Kj)
for TH59 was determined by quantitative DNase I
footprinting (Wade et al., 1993) at 0.51 nM. We also
evaluated the binding behavior of the TH59 ‘monomer’
and observed that this compound (termed H60, see
Figure 1) bound with similar affinity but lower specificity
(see Figure 2F).

Staining telomeres with fluorescently

tagged polyamides

Using fluorescently tagged polyamides and epifluores-
cence microscopy, we previously highlighted the position
of different DNA satellites in nuclei and chromosomes.
This staining method provides specificity information for
polyamides on chromatin rather than on naked DNA.
Molecules TH52B and TH59 bind two telomeric repeats.
Since the length of eukaryotic telomeres varies between a
few and tens of kilobase pairs, one might ultimately expect
a hundred to a few thousand molecules bound per
telomere. Is it possible to observe this signal above the
background?

Insect telomeres. To obtain fluorescently tagged poly-
amides, a primary amine was introduced at the C-terminus,
which was subsequently acylated using a commercially
available N-hydroxysuccinimide active ester of Texas Red
(Janssen et al., 2000b). Insect chromosomal material was
then isolated from Sf9 cells, a cell line derived from the
armyworm, Spodoptera frugiperda (Vaughn et al., 1977),
which is expected to contain insect-type telomeric repeats
(Okazaki et al., 1993). Classical metaphase chromosomal
spreads were prepared from Sf9 cells and then double
stained with 4’,6-diamidino-2-phenylindole (DAPI) and
THS2B-T (T for Texas Red). Figure 4A shows in blue
(DAPI) the metaphase chromosomes and in red striking
foci, which represent the subchromosomal signals of
THS52B-T. Karyotypes of Sf9 cells are very complex and
poorly characterized, consisting of innumerable mini-
chromosomes. Generally, two foci are observed at each
chromosomal end, suggesting that TH52B-T highlights
telomeres as expected. Included in Figure 4A is a black
and white inset showing the TH52B-T telomeric signal
separately. Note that although generally low ‘background’
signal is observed along the chromosomal body, one can
also observe some subtelomeric signals

Figure 4B shows a representative image of an Sf9
nucleus stained with DAPI and TH52B-T, which again
yields sharp red foci. Interestingly, the DAPI signal of
stained Sf9 nuclei shows an unusual ‘grape-like’ structure
rather than displaying the generally homogeneous appear-
ance of eukaryotic nuclei. Closer examination of these
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Fig. 3. Putative binding model of TH59. Proposed binding model for
the complex of TH59 with 5-AGGGTTAGGGTT-3". Circles with two
dots represent lone pairs of electrons on N3 of purines and O2 of
pyrimidines at the edges of the bases. Circles containing an H represent
the N2 hydrogen of guanine. Putative bifurcated hydrogen bonds to the
amide NHs are illustrated by dashed lines.

images reveals that the red TH52B-T foci are often
abutting blue grape-like domains, perhaps representing
interphase chromosomal territories. Importantly, in line
with our footprint data, no red foci were observed when
HeLa nuclei were stained with TH52B-T (Figure 4C).
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Fig. 4. Staining of insect-type telomere repeats (TTAGG) with
THS52B-T. Chromosomes or nuclei prepared from Sf9 and HeLa cells
were co-stained with TH52B-T (red) and DAPI (blue). Note that
THS52B-T sharply highlights red foci in Sf9 (B) but not HeLa nuclei
(C). The two images (B and C) were obtained under identical
conditions and are shown on an identical intensity scale. TH52B-T also
stains the ends of chromosomes, as observed in metaphase spreads
derived from Sf9 cells (A). A number of non-telomeric signals can also
be noted (black and white inset). Scale bars represent 5 pum.

As mentioned above, the footprinting data indicated that
THS9, in contrast to TH52B, bound both the penta- and
hexameric telomeric repeats. Chromosomal staining stud-
ies confirmed this notion. We observed that TH59-T stains
telomeres of Sf9 chromosomes, although its signal was
less sharp than that obtained with TH52B-T owing to a
higher general background (not shown).

Vertebrate telomeres. We assessed the specificity of the
telomere polyamide THS59-T by staining chromosomal
material derived from a variety of vertebrate cells. These
studies collectively demonstrated that THS59-T (not
THS52B-T) specifically stained telomeres of all these cell
lines. A series of micrographs is shown in Figure 5. All
images were obtained by double staining chromosomes or
nuclei with DAPI and THS59-T. Figure SA impressively
shows that TH59-T sharply highlights telomere foci in
HeLa cell nuclei. Telomeres are also marked robustly by
THS9-T in spreads of HeLa metaphase chromosomes
(Figure 5D), on isolated Indian Muntjac (Figure 5B) and
on Xenopus laevis (Figure 5C) chromosomes.

The staining results with THS52 and THS9 are
impressive since the micrographs revealed high signal-
to-noise ratios. This is particularly evident by inspection of
the black and white inset in Figure 5D; note that TH59-T
yields little general background signal along the chromo-
somal body. These staining data semi-quantitatively
extend the footprint studies from naked DNA to
chromatin.

Targeting telomeres with small molecules

Fig. 5. Staining of vertebrate telomeric repeats (TTAGGG) with
THS59-T and co-localization with TRF1. Chromosomal material
prepared from vertebrate cell lines was stained with polyamide TH59-T
(red) and DAPI (blue). Note that TH59-T sharply highlights red foci

in HeLa cell nuclei (A) and metaphase chromosomes derived from
Indian Muntjac (B), X.laevis (C) or HeLa cells (D). (E) TH59-T

foci co-localize with green telomere spots revealed by indirect
immunofluorescence with TRF1-specific antibodies. The black and
white inset shows the green and red signals separately. Scale bars
represent 5 pm.

The signals of telomere-specific polyamides

and those of a telomere-binding protein,

TRF1, co-localize

The footprint data and the conspicuous staining results
obtained with polyamides TH52 and TH59 (or derivatives
thereof) strongly suggest that these compounds are
localized at telomeres. We proved this notion by
immunofluorescence. Human telomeres contain two
related TTAGGG repeat-binding factors, TRF1 and
TRF2 (Broccoli et al., 1997). [Both proteins have a
C-terminal Myb-like helix—turn-helix domain and a
central domain involved in the formation of homodimers
(O’Reilly et al., 1999).] TRF1 and TRF2 are located
predominantly at chromosomal ends where they contribute
to the maintenance of telomere structure. TRF1 and TRF2
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should therefore co-localize with TH59-T. Figure SE
shows a HeLa cell nucleus stained with TH59-T (red)
together with the immunofluorescence signal of TRF1
(green). Examination of this micrograph shows that
THS9-T and anti-TRF1 signals co-localize perfectly
since the resulting overlapping spots appear yellow. This
conclusion is also apparent from inspection of the insets of
Figure 5E displaying the TH59-T and anti-TRF1 signals
separately, in black and white. Similar observations were
also obtained by staining chromosomal spreads. In
addition, the immunofluorescence signals of TRF2 also
co-localized with TH59-T (data not shown). These obser-
vations establish that THS59-T marks the position of
telomeres in nuclei and chromosomes.

Rapid estimation of relative telomere length

In telomere research, it is often of interest to estimate and
follow telomere length quantitatively. Three protocols are
currently used for this purpose. One of these depends on
digestion of the genomic DNA using enzymes with
restriction sites in subtelomeric DNA, and Southern
blotting (van Steensel and de Lange, 1997). This rather
time-consuming procedure provides an estimate of
telomere lengths of all cells of a sample. Two related
alternative procedures are based on in situ hybridization
using either chromosomal spreads or permeabilized cells
followed by epifluorescence microscopy (Zijlmans et al.,
1997) or flow cytometry (Hultdin et al., 1998). The latter
two protocols generally use fluorescently labeled peptide
nucleic acid (PNA) complementary to the telomere repeats
as probes. We propose that this laborious, cumbersome
hybridization step can be replaced by a simple staining
protocol using fluorescent telomere-specific polyamides.

To examine this issue, metaphase chromosome spreads
were prepared from human lymphocytes and two closely
related HeLa subclones that differ in telomere lengths.
HeLal.2.11 (termed HeLa-L) has long (L) telomeres of
~15-40 kb (Smogorzewska et al., 2000), whereas HeLall
(HeLa-S) has shorter (S) telomeres of 3-6.5kb
(Smogorzewska et al., 2000). Slides prepared with these
cell lines were double stained with DAPI and TH59-T
under identical conditions, and several optical sections of
chromosomal spreads were recorded with an image
restoration, wide field fluorescence microscope
(DeltaVision). In order to analyze the maximum intensity
of each telomere, the various optical sections were
combined by a maximum brightness projection. Visual
inspection of these projected images indicated that
HeLa-L telomeres were labeled more intensively by
THS59-T than the telomeres of lymphocytes or HeLa-S
cells (Figure 6A and B; data not shown).

We carried out particle analysis to determine quantita-
tively the integrated signal intensity of telomeres encom-
passing entire chromosomal spreads. For that purpose, the
telomere spots were contoured appropriately. Examples of
chromosomes with contoured telomeres are shown in
Figure 6. The total integrated telomere signals within the
contoured telomeres were determined subsequently for all
chromosomes of entire spreads. The signal intensity per
telomere varies over a wide range, yielding an intensity
distribution for metaphase spreads derived from lympho-
cytes and HeLa-L and HeLa-S cells as shown in Figure 7.
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Fig. 6. Quantitative aspect of vertebrate telomere signals. Metaphase
chromosome spreads were prepared from human lymphocytes and
HeLa-L cells, a HeLa subclone with long telomeres. Subregions of
metaphase spreads are shown derived from human lymphocytes (A)
and HeLa-L cells (B). The two images (A and B) were obtained under
identical conditions and are shown on the same intensity scale. For
quantification, the telomere foci were contoured appropriately
(indicated) and the total integrated signal intensities were then
determined for entire spreads. The total telomere signal intensity
distribution obtained for different chromosomal spreads is shown in
Figure 7. The fractional amount of polyamide bound at telomeres
relative to that encompassing the chromosomal body was determined.
An example of this is shown for HeLa-L chromosomes (B, C and D).
The telomere spots contoured in (B) were extracted to yield (D). The
image lacking telomere spots was then contoured again using a lower
threshold level so as to encompass the chromosomal bodies (C). (C)
and (D) are shown on a strongly enhanced intensity scale to visualize
the staining of chromosomal bodies. The total integrated signal derived
from TH59-T encompassing either telomeres (D) or chromosomal
bodies (C) was then obtained and corrected for general background
level. Scale bar represents 5 wm.

Examination of these data demonstrates that the distri-
bution of the total telomere signal is strongly skewed
toward higher intensity for telomeres of HeLa-L chromo-
somes as compared with those obtained from HeLa-S cells
and lymphocytes. Note that the telomere intensity distri-
butions are similar for the latter two chromosomes. The
weight averages of these distributions were also deter-
mined (inset Figure 7). The values suggest that Hel.a-L
telomeres are ~3-fold longer than those derived from
lymphocytes or HeLa-S cells. These observations demon-
strate that specific fluorescent polyamides can provide the
basis for a rapid procedure to estimate relative telomere
lengths.

In vivo incorporation of TH52-T into Sf9 cells

Can the above in vitro studies be extended to live cells?
The relatively high molecular weight of TH52B and TH59
(1795 and 2204 Da, respectively) could represent an
obstacle in terms of permeability. Hence, it was of
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Fig. 7. Distribution of telomere signals of different chromosomal
spreads. Metaphase chromosome spreads were prepared from human
lymphocytes and two closely related HeLa subclones (HeLa-L and
HeLa-S) that differ with regard to telomere length. The bar graph
shows the intensity distribution of the telomere signals obtained for
the different chromosomal spreads. Note that the distribution of the
telomere signals is strongly skewed toward higher intensity for
telomeres of HeLa-L chromosomes as compared with those obtained
from HeLa-S and lymphocytes. The weight averages of these
distributions were also determined and are shown in the inset.

importance to determine whether cells are permeable to
these molecules and whether these molecules are capable
of binding telomeres in vivo. These experiments were
carried out with the insect telomere-specific polyamide
THS52B-T (mol. wt 2520 Da).

For this purpose, Sf9 cells were grown in the presence of
different concentrations of TH52B-T for different lengths
of time. Subsequently, cells were fixed with cold
methanol. This demonstrated that TH52B-T is incorpor-
ated into cells rapidly and that specific telomere staining is
obtained.

We first determined the polyamide concentration in the
media required to obtain telomere foci. In Figure 8A, the
telomere signal strength is plotted as a function of
polyamide concentration added to the media for a period
of 16 h. Telomere foci can be observed at the lowest
THS52B-T concentration used (100 nM), but the signal
intensity increases with concentration and approaches a
plateau around a concentration of 2 M.

We also carried out a time course experiment by
incubating cells with a fixed concentration (2 pM) of
THS52B-T and Hoechst 33258. Hoechst 33258 is known to
be cell permeable and to provide a general staining of
chromosomal material. Slides were prepared at timed
intervals and the intensity of the Hoechst 33258 and
telomere-specific (TH52B-T) signals was determined.
Figure 8B shows that telomeres are stained rapidly with
TH52B-T, approaching a maximal signal intensity after
3—4 h of incubation. Hoechst 33258 also enters cells
rapidly, but the signal intensity appears to reach a plateau
more slowly than for TH52B-T. Quite remarkably, this
experiment demonstrated that telomere-specific staining is
achieved with an incubation period as short as 15 min. In
conclusion, TH52B-T enters cells rapidly, resulting in the
telomere-specific staining. The addition of the above
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Fig. 8. TH52B-T rapidly highlights telomere foci of Sf9 cells in vivo.
THS52B-T and Hoechst 33258 were added to the media of growing Sf9
cells at different concentrations and periods of incubation. Cells were
then fixed by cold methanol and examined by fluorescence microscopy
to determine the strength of the TH52B-T telomere signals and that of
Hoechst 33258 (general DNA stain). (A) The average telomere signal
intensity obtained after 16 h incubation in media at the indicated
concentrations of TH52B-T. (B) A time course of incorporation. The
averages of the telomere signal intensity of TH52-T (telomere foci,
triangles), Hoechst 33258 (general stain, diamonds) and Texas Red
alone (background, circles) are shown. Note that specific foci were
already observed after a 15 min exposure of Sf9 cells to TH52B-T.

compounds appeared not to affect the growth of Sf9 cells
during the course of the experiment (data not shown).

Discussion

Telomere-specific polyamides containing two hairpin
DNA-binding moieties, flexibly linked, were synthesized.
These dimeric compounds were found to be cell permeable
and to bind insect or vertebrate telomeric repeats with
impressive specificity. Particularly convincing are the
results obtained by staining of chromosomal material with
fluorescently tagged derivatives. Visual inspection of such
micrographs suggests that telomere signals obtained with
polyamides are of a specificity comparable to those
observed by immunodetection of the telomere-binding
proteins TRF1 and TRF2.

TH52B exclusively binds insect telomere repeats
THS52B is a heterodimer that binds two insect telomere
repeats (TTAGG) at subnanomolar concentrations
(K4 = 0.12 nM). This compound has essentially no affinity
for vertebrate (TTAGGG) telomeric repeats up to 500 nM
(Figure 2B). Most importantly, even at this high concen-
tration, no other mismatch interaction sites were observed
for TH52B. This result contrasts with that of its monomer
H64. This compound prefers insect repeats (K,p, <1 nM),
but it also binds to vertebrate repeats (K, <50 nM) and
several mismatch sites (Figure 2A). The other monomer
of TH52B (H65) binds insect repeats very poorly
(Kapp >200 nM). Nevertheless, tethering H64 (a strong
binder but with rather low specificity) to H65 resulted in a
dimer (TH52B) that is considerably more specific than its
best half (H64). The impressive specificity of TH52B is
proposed to arise from the cooperative interaction of the
flexibly linked hairpin moieties with two insect repeats
(bidentate binding). In contrast, the low affinity of TH52B
for mismatch sites must arise from energetic penalties that
apply if only one DNA-binding moiety can be accommo-
dated (monodentate binding) or if both moieties are
positioned unfavorably.
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The putative interaction scheme of TH52B is depicted
in Figure 1. It follows closely the most favorable ‘inter-
action rules’ that can be deduced from polyamide studies.
Published reports implicitly revealed that, in hairpins,
imidazoles yield the highest G nucleotide selectivity if
positioned at the N-terminal position. The y-turn (2,4-
diaminobutyric acid) of TH52B is, according to binding
studies, optimally positioned on a W (Swalley et al.,
1999). TH52 and TH59 adhere to this rule. Previous
studies further established that hairpin polyamides show a
strong preference for GT (as in telomere repeats) over GA
(Kielkopf et al., 2000). The C-terminal Dp moiety of
THS52B is also positioned on a W. This is known to be
preferred over G or C nucleotides (Swalley et al., 1999).
Moreover, the linker rules established here demonstrated
that the ethylene oxide linker is best suited to bridge a W.
Hence, the high affinity of TH52B can be explained by a
binding scheme adhering to ‘established’ interaction rules
and its high specificity by a bidentate binding mode.

The binding scheme for TH52A (Figure 1) suggests that
this compound also obeys the above interaction rules.
However, despite this conformity, TH52A (not TH52B)
binds many mismatches and tends to coat the entire
DNA probe (Figure 2A). The structural rationale for this
‘misbehavior’ is unclear to us. Clearly, the interaction
rules need further refinements.

TH59 binds vertebrate and insect telomere repeats
Targeting of the extra G nucleotide of vertebrate telomere
repeats (TTAGGG) was achieved by positioning in each
hairpin a single unpaired imidazole in the bottom strand
(Figures 1 and 3). The resulting compound, TH59, binds
vertebrate and insect telomeres with high affinity
(K4q = 0.51 nM). The proposed binding scheme depicted
for TH59 follows the general rules discussed above and the
additional notion that unpaired imidazoles are accommo-
dated preferably on G or C nucleotides. To explain the
interaction of TH59 with insect repeats, we propose a
somewhat unusual but noteworthy binding mode. Binding
of TH59 to insect TTAGG repeats implies that the
unpaired imidazoles are accommodated by As and that
the ethylene oxide linker is somehow looped out, opposing
no nucleotide. This binding mode is in line with our
previous observations that unpaired, internal (not
N-terminal) imidazoles are quite well tolerated by Ws,
particularly if preceded by an N-terminal pyrrole but not
if preceded (N-terminal) by a B-alanine (Janssen et al.,
2000b).

Telomere staining

Staining of insect and vertebrate metaphase chromosomes
or nuclei with fluorescent derivatives of TH52B and TH59
revealed sharp foci. These foci were found at telomeric
locations in stained metaphase chromosome (at both ends
of each sister chromatid). In contrast, these foci appeared
unorganized throughout the volume of nuclei, with no
apparent peripheral tethering. The THS59-T foci were
identified unequivocally as telomeres since their signals
co-localized with those obtained by immunofluorescence
detection of the TRF1 or TRF2 telomere-binding proteins.
Visually, the telomeric signals are impressively ‘sharp’
owing to a low general background of the non-telomeric
chromosomal body. Indeed, determination of the average
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pixel intensity over the chromosomal body and at
telomeres yields a signal-to-noise ratio of 15 for TH59-T
and a ratio of 30 for the immunodetection signal of TRF1.
Hence, these measurements confirm the visual impression
that the specificity of detection by immunofluorescence
with a good antibody and by polyamide staining can be of
similar quality.

Our results demonstrated that telomere-specific poly-
amides could be used conveniently to determine relative
telomere length. For this purpose, chromosomal spreads
were stained with DAPI and THS59-T, recorded by a
fluorescence microscope and the total telomere signal
determined with the help of an appropriate software
package. Our analysis demonstrates that the mean
telomere length of chromosomes derived from HeLa-L
cells is ~3 times longer than those obtained from human
lymphocytes or HeLa-S cells (Figure 7). This is in line
with previous telomere length studies that established a
mean length of 23 kb for the telomeres of HeLa-L and 6 kb
for those of HeLa-S chromosomes (Griffith et al., 1999;
Smogorzewska et al., 2000). In addition, it should be noted
that our staining procedure can be accomplished within 3 h
and is much more rapid when compared with the
hybridization methods (Hultdin et al., 1998). The staining
procedure described here to determine telomere length
could be used conveniently for a variety of experiments in
research and possibly diagnostics, such as the screening of
tissues for cells with increased telomere length. The
specific stains should be equally suitable for telomere
length determination by flow cytometry.

Specificity considerations of telomere targeting
Polyamides are potentially interesting medicinal agents.
Toward this long-term end, it was of importance to
estimate the relative enrichment of the targeted poly-
amides on telomere versus bulk DNA. The data collected
above to determine telomere length serve this purpose
(Figure 6). The THS59-T telomere signals of stained
HeLa-L chromosomes were contoured using an appropri-
ate threshold level as discussed above (Figure 6B). The
telomere spots were then extracted from the source image
of Figure 6B to yield Figure 6D. The source image lacking
telomere spots was then contoured again using a lower
threshold level so as to encompass the chromosomal
bodies, whose signals were strongly enhanced for printing
(Figure 6C). The total integrated signal derived from
THS59-T encompassing either telomeres (Figure 6D) or
chromosomal bodies (Figure 6C) was then obtained and
corrected for general background level.

This quantitative analysis was carried out over entire
chromosomal spreads and established that the fractional
amount of THS59-T associated with telomeres is remark-
ably high. The values obtained for chromosomes derived
from HeLa-L cells, HeLa-S cells or lymphocytes were
~33, 14 and 18%, respectively. Thus, in line with the
increased telomere length of HeLa-L. chromosomes, we
obtained a higher fractional value of association (33%).
These values represent averages over chromosomal
spreads that depend on chromosome size. Hence, the
fractional value of telomere-bound THS59-T amounts to
~15% for the large chromosome shown on the left in
Figure 6B and ~78% for the two small chromosomes on
the right of this panel.



Using these fractional values, it is possible to calculate
the enrichment level of TH59-T per telomere relative to
bulk DNA. The haploid human genome encompasses
~300 kb of telomere repeats. This genome fraction
(~0.01%) harbors ~18% (lymphocyte cells) of the tightly
bound TH59-T. Hence, we estimate that TH59-T is
enriched ~1800-fold on telomere repeats relative to bulk
DNA. Assuming the saturation level of TH59-T at one
molecule per 18 bp of telomere, we estimate that on
average only one site per 32.4 kb would be occupied on
non-telomeric DNA. This quantitative analysis reinforces
the specificity notion obtained above by footprinting and
staining.

The experiments presented here clearly establish that
it is possible to synthesize linked hairpin polyamides
that target telomere repeats with excellent specificity.
Telomere biology is complex, but intensely studied in
many laboratories. This is motivated in part by the
validated potential of telomeres as targets for compounds
with anti-tumor effects. The molecules described here are
highly telomere specific and cell permeable. It will
therefore be of interest to explore the potential of these
compounds for human medicine in the near future.

Materials and methods

Polyamide synthesis

Pyrrole- and imidazole-containing hairpin and tandem hairpin poly-
amides were synthesized by solid-phase methods as previously described
(Baird and Dervan, 1996; Herman et al., 1999; Janssen et al., 2000b).
Purity and identity were established by analytical HPLC and ESI-MS.

Preparation of probes for DNase | footprinting

Synthetic  oligonucleotides GATCCTTAGGGTTAGGGTTAGGGT-
TAGGGTTAGGTTAGGTTAGGTTAGGTTAA and GATCTTAAC-
CTAACCTAACCTAACCTAACCCTAACCCTAACCCTAACCCT-
AAG were hybridized, phosphorylated with ATP using T4 poly-
nucleotide kinase and cloned in a modified pSP64 vector, cut by
BamHI and BglIl. End labeling was carried out following digestion
with HindIII and a fill-in reaction with Klenow DNA polymerase. The
labeled plasmid was cut with Pvull and the target fragment was
purified from low-melting agarose. DNase I footprinting was per-
formed as previously described (Janssen et al., 2000a).

Staining telomeres with fluorescently tagged polyamides

Insect telomeres. Sf9 cells were maintained in TC-100 medium (Gibco-
BRL) containing 10% fetal bovine serum (FBS; Biochrom, Berlin),
100 U/ml penicillin and 100 pg/ml streptomycin (Biochrom, Berlin) at
27°C. For TH52B-T staining, Sf9 cells were grown on coverslips coated
with polylysine. The cells were washed in phosphate-buffered saline
(PBS) and fixed with freshly prepared 2% paraformaldehyde in PBS for
15 min at room temperature. The fixed cells were then treated with
0.5 mg/ml NaBH, (Fluka) in PBS for 10 min, rinsed with PBS (twice for
5 min) and permeabilized with 0.5% Triton X-100 (Sigma) in XBE2
buffer (10 mM HEPES pH 7.7, 2 mM MgCl,, 100 mM KCl, 5 mM
EGTA). After washing twice for 5 min with XBE2, the cells were
incubated with 50 nM THS52B-T and 1 pg/ml DAPI (Boehringer) in
XBE2 for 2 h at room temperature. After washing with XBE2 (five times
for 3 min), the cells were mounted in PPDI (Janssen et al., 2000b) [5S mM
HEPES pH 7.7, 100 mM NaCl, 20 mM KCIl, 1 mM EGTA, 10 mM
MgSOy, 2 mM CaCl,, 78% glycerol, 1 mg/ml paraphenylene diamine
(Sigma), 1 pg/ml DAPI] and the coverslip was sealed with a rapid epoxy
glue (Araldite; Ciba, Switzerland). Similar staining patterns were
obtained by methanol fixation (-20°C, 7 min) instead of paraformalde-
hyde fixation. Classical chromosome spreads were prepared as described
(Lee et al., 1990). Sf9 cells grown on polylysine-coated coverslips were
blocked mitotically by adding 0.1 pg/ml colcemid (Sigma) for 4 h. The
cells were swollen by treatment with a hypotonic buffer (0.075 M KCl)
for 10 min at room temperature, fixed with a methanol/acetic acid (3:1)
solution for 15 min and air dried for 30 min. The spreads were washed
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sequentially with XBE2, XBE2 containing 0.5% Triton X-100, and XBE2
again (5 min). The staining was carried out as described above.
Sectioning images were recorded with DeltaVision (Applied Precision)
and deconvoluted to eliminate ‘out-of-focus’ blur. The deconvoluted
images were sometimes projected to obtain the maximum intensity
(‘Quick Projection’ tool) of telomeric signals and used for the quantitative
analysis.

Vertebrate telomeres. HeLa-L (clone HeLLal.2.11) and HeLa-S (standard)
cells were the generous gift of Dr M.Nabholz (ISREC, Switzerland), and
were maintained at 37°C (5% CO,) in glutamax-supplemented
Dulbecco’s modified Eagle’s medium (DMEM; Gibco-BRL) containing
10% FBS, 100 U/ml penicillin and 100 pg/ml streptomycin. For TH59-T
staining, HeLa cells were grown on coverslips coated with polylysine.
The cell fixation and staining procedures were as described above except
that the concentration of THS59-T used was 500 nM. The HeLa
chromosome spreads were prepared as described above. Indian Muntjac
and X.laevis chromosomes were prepared from DM87 and A6 cells,
respectively, as previously described (Saitoh and Laemmli, 1994).

Co-localization of the signal of telomere-specific polyamides
and TRF1

Fixed and permeabilized HeLa cells were incubated with 3% normal goat
serum (Nordic Immunology) in XBE2 for 30 min and then incubated with
XBE2 containing 1% normal goat serum, TH59-T (500 nM), DAPI
(2 uM) and 5000-fold diluted anti-TRF1 serum (a generous gift from
Dr T.de Lange) for 1 h. After five washes (3 min) with XBE2, the cells
were incubated with 1% normal goat serum, TH59-T (500 nM), DAPI
(2 uM) and 1000-fold diluted anti-rabbit Cy3-conjugated IgG (Jackson
Immunological Research) for 1 h, followed by five washes (3 min) with
XBE2. The cells were mounted as described above.

In vivo incorporation of TH52B-T into Sf9 cells

Sf9 cells were seeded 24 h before addition of TH52B-T onto a Lab-Tec
chamber permanox glass (Nunc) at a concentration of 5 X 10* cells/ml.
THS52B-T was added at the indicated concentration and incubated for the
indicated time. The cells were washed with PBS and fixed with methanol
at —20°C for 7 min. After three rinses (10 min) with XBE2, the cells were
mounted in PPDI. The optical sections were recorded with a low
magnification (40X), projected and used for the quantitative analysis.

Quantitative determination of the telomere signal
Chromosome spreads of HeLa-L, HeLa-S and human lymphocytes were
prepared and stained with TH59-T as described above. Sectioning images
of chromosome spreads of each cell line were recorded with DeltaVision
under identical conditions and deconvolved to eliminate out-of-focus
blur. The deconvolved images were projected to obtain the maximum
intensity (‘Quick Projection’) of telomeric signals and used as a source
image. Figure 6A and B is shown on the same intensity scale. Image
processing was performed with SoftWorx software of the DeltaVision
microscope. The telomeric signals of the source image (Figure 6B) were
contoured using ‘2D-Polygon’ at an appropriate threshold value, and the
source image was extracted to yield the inner objects (telomeric signals,
Figure 6D) and the outer objects (objects lacking telomere spots,
Figure 6C) by ‘Cut Mask’. The outer objects lacking telomere spots were
again contoured to obtain chromosomal body signals at a lower threshold
value (Figure 6D). The total integrated signal intensity of each contoured
part was obtained by ‘Measurements’ in ‘3D Object Builder’. The
distribution of telomere signal intensity (Figure 7) represents the total
integrated value within the contoured telomere spot. The data of the
integrated signal intensity were saved as a text file, directly imported into
Microsoft Excel and analyzed.
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