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Pyrimidine oligodeoxynucleotides can bind to double-stranded
DNA containing polypurine tracts in a parallel orientation by Figure 1. Structure of the conjugatk consisting of Hoechst 33258,
interaction with the Hoogsteen functional groups of the target a hexa(ethylene glycol) linker, and the first two residues of a 15-mer
purine residues. The triplex strand is bound within the major ~ Polypyrimidine strand of DNA.
groove of the target duplex DNA, and in this motif, base pair
recognition occurs through the formation of T-A-&nd C'- third strand of the triple helix1, Figure 1) could result in
G-C base tripletd. A number of small ligands are also capable enhanced DNA triplex stability by providing simultaneous
of binding to double-stranded DNA sequences, but typically binding in the major groove (by the third strand) and minor
they interact with the duplex by intercalation or by binding groove (by the A-T specific ligand). Hoechst 33258 is known
within the minor groove. Sequence selectivity can be observedto bind to A-T rich regions of duplex DNA3 and minor groove
by agents that function as groove binders such as netrbpsin binding results in a strong fluorescent sigtalModel building
and distamycih as well as the benzindole DAPANd the studies indicated that for simultaneous major groove binding a
benzimidazole Hoechst 33258. tether must terminate in the major groove at the site of the 5

The stability of DNA triplexes has been shown to be enhanced hydroxyl of the third strand, then traverse the phosphoribose
by intercalators capable of binding to the three-stranded backbone, and still penetrate deep within the minor groove to
complex? In addition to intercalators (designed for the duflex permit binding by the bisbenzimidazole dye. Hexa(ethylene
or specific for the triple®), polyamines, such as spermifer glycol) provides the requisite length for this function and is
polylysinel! can assist in stabilizing the DNA triplex. Conju- additionally hydrophilic in nature, an attractive property for
gates possessing a ligand that is covalently attached to the thirdstudies in aqueous systems. Similar glycol-based linkers have
strand of the triple helix can exhibit two modes of binding and been used in other studies involving DNA duple’?esnd RNA
thereby enhance the stability of the triple helix structure relative complexess
to the corresponding nonconjugated species. Enhanced stability After a Mitsunobu reaction between hexa(ethylene glycol)
will be an important characteristic if such materials are to be andp-cyanophenol, the resulting product could be condensed
developed into an important class of diagnostics or therapeutics.with a diamino intermediate to generate the Hoechst ring system

The presence of A-T rich sequences in many parallel-strandedtethering the hexa(ethylene glycol) linker.

triplexes suggests the possibility that certain minor groove
specific ligands might bind to the triplex structufe Tethering

To couple the
Hoechst derivative to the oligonucleotide, we removed the
terminal DMT protecting group and then phosphitylated the

a minor groove binding agent, such as Hoechst 33258, to theterminal 3-hydroxyl of a support-bound 15-mer. The Hoechst
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analogue, tethering the hexa(ethylene glycol) linker, was then
added to the column in the presence of tetrazole. Although
this procedure did not result in a high-efficiency coupling
characteristic of phosphoramidite protocols, we were still able
to perform this final coupling with yields near 75% as judged
from HPLC analysis of the crude reaction mixture obtained after
deprotection procedures (see supporting information).

Triplex formation was assessed by examining absorbance vs
temperature plots for a series of 15-mers tethering, or lacking,
the pendant Hoechst derivative. A 40-mer DNA duplex that
contained a 15-mer polypurine tract (Table 1) with three G
residues was employed as the target sequence. The sequence
on either side of the target was composed solely of G-C base
pairs and thus provides no minor groove binding site for the
Hoechst dye. T was used to recognize the A-T base pairs of
the duplex, while both C and 3@ were employed for the
recognition of the G-C target base pairs. Since triplex formation
requires that the third DNA strand enter the major groove and
be positioned between the charged residues of the two phos-
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Table 1. Effects of the Tethered Hoechst 33258 Groove Binder on
DNA Triplex T, Values ¢C)?

RN
SN TTTTTTTTXTXTXTT
5t cKQGLGAAAAAAAA@A@ALAACCCGG
3 .. GCNGCGCTTTTTTTTCTCTCTTGGGCC.
\‘ﬂ/jo ,CH,
O O @
pH
entry conjugatd 15-meP [spermine} 6.4 7.0 7.5 8.0
i X=C 227 113 d d
ii X=C 40.3 29.5 19.0 12.3
iii X =m°C 35.0 31.4 27.7 20.0
iv X =mC 47.0 37.2 325 205
v X=mC 05mM 409 36.0 35.3 324
vi X =mC 0.5mM 50.2 433 419 446

a2 Thermal denaturation studies were performed in 10 mM PIPES,

pH 6.4, 7.0 (or HEPES, pH 7.5, 8.0, 8.5), 10 mM MgGind 50 mM
NaCl (with or without 0.5 mM spermine) at 1:1:1 strand ratios at low
micromolar concentrations using a 40-mer as the target duplex:
5'd(CGCCGCGCGCGCBAAAAAAAGAGAGAA CCCGGCGCG-
CGC); 3d(GCGGCGCGCGCGTTTTTTTTCTCTCTT GGGCCG-
CGCGCG).P Adding 1 equiv of free Hoechst 33258 to the nonconju-
gated triplex had little effect upon the triplex transition and raised the
transition of the duplex 40-mer by no more thafQ ¢ All duplex Tm,
values with or without spermine ranged from 83.1 to 8520 9 No
triplex transition observed.
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1) for the n¥C-containing triplex and significant increases in
Tm at other pH values.

In addition to enhanced stability, as assessed fromTthe
values, the triplexes formed with conjugdtare all fluorescent,
as is the characteristic of Hoechst 33258 when bound in the
minor groove of DNA duplexes. This observation is consistent
with the fluorophore bound in the minor groove of the triplex
structure while the polypyrimidine strand is present in the major
groove, but we cannot, at this time, completely exclude the
possibility that the Hoechst dye folds back into what remains
of the triplex major groove. An examination of a fluorescence
vs temperature plot for these complexes reveals a relationship
that is sigmoidal in character (see supporting information), with
the midpoint of the transition occurring near tig value for
the complex (midpoint= ~48 °C for complexii, Table 1).
These characteristics argue for the Hoechst derivative remaining
largely bound to the three-stranded complex until Thefor
the triplex is reached.

That the fluorophore is bound to the triplex structure can be
inferred both from the enhancéld, values and the observed
fluorescence characteristics. The present data stand in contrast
to the conclusions of a previous stdywith triplexes that
involve the use of the Hoechst 33258 fluorophore in an
untethered state. In those studies the groove-binding agent
appeared to destabilize the three-stranded complex. This
inconsistency can be explained in that the free fluorophore is
known to interact with double-stranded DNA through multiple
binding mode¥ (similar behavior could be expected also with

phodiester backbones, we additionally examined the effects ofthe triple helix), and in the noted work relatively high ratios of

the polyamine spermine which has been shbwa stabilize

dye/triplex were employed. By covalent tethering of the

higher order nucleic acid structures, presumably due to its ability Hoechst derivative to the third strand, a single groove-binding

to limit charge-charge repulsion by shielding neighboring
phosphates. Th&, values for the various triplexes measured
over the pH range 6:48.0 are presented in Table 1. The control
Tm values, those obtained for 15-mer triplexes lacking the

agent is available for each three-stranded complex; under these
conditions it appears that a single, preferred, ligand-binding
mode results.

The described conjugate is easy to prepare using standard

pendant Hoechst derivative, exhibit the same trends that havesolid-phase based synthetic protocols, it results in major groove
been described in many other studies; the pH dependencebinding by a polypyrimidine strand in a parallel orientation while

resulting from the protonated C or°® residues results in
decreasing triplex formation and stability with increasing pH.
For example, the triplex transition for entry(Table 1) drops
from 22.7 to 11.3C when the pH is changed from 6.4 to 7.0.

permitting simultaneous minor groove binding by the tethered
ligand. The result of both types of binding is an overall increase
in triplex stability. The use of such tethered ligands may
contribute to the, thus far, elusive solution of the general

No triplex transitions were observed at pH values of 7.5 and targeting of duplex DNA by a third strand. Complex stabiliza-
8.0. However, in the presence of the tethered groove binder, tion by tethered ligands may additionally permit the use of base
the Tn, values at pH values of 6.4 and 7.0 are increased sometriplets composed of analogue bases that would otherwise lack

18 °C (ji, Table 1), while at pH values of 7.5 and 8.0 triplex

sufficient stability to generalize triplex formation at a wide

transitions are now present, although still dependent on pH valuevariety of sequences.

of the solution.

Replacing the three C residues of the third strand BZ m
reduces the pH dependence (eritry Table 1) of the triplex
transition as expected. Addition of the tethered Hoechst
derivative to this sequence results in an increakgdf 12 °C
at pH 6.4 for the triplex transition (entiy, Table 1). Increases
in Ty, values of about 8C were observed at pH values of 7.0
and 7.5 (Table 1). Addition of the polyamine spermine results
in further increases in the observég values for the simple
parallel-stranded triplexes, in agreement with previous sttfdies
(compare entriesii and v, Table 1). The presence of the

tethered groove-binding agent and the polyamine spermine

results in aTy, value of over 50°C at pH 6.4 (entrwi, Table
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