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ABSTRACT

We have used DNase | footprinting to compare the
stability of parallel triple helices containing different
numbers of T-AT and C *-GC triplets. We have targeted
a fragment containing the 17mer sequence 5 '-AGGAA-
GAGAAAAAAGAA with the 9mer oligonucleotides
5-TCCTTCTCT, 5-TTCTCTTTT and 5'-TTTTTTCTT,
which form triplexes at the 5 '-end, centre and 3 '-end of
the target site respectively. Quantitative DNase | foot-
printing has shown that at pH 5.0 the dissociation
constants of these oligonucleotides are 0.13, 4.7 and
>30 pM respectively, revealing that increasing the
proportion of C *-GC triplets increases triplex stability.
The results suggest that the positive charge on the
protonated cytosine contributes to triplex stability,

either by a favourable interaction with the stacked s

system or by screening the charge on the phosphate
groups. In the presence of a naphthylquinoline triplex
binding ligand all three oligonucleotides bind with
similar affinities. At pH 6.0 these triplexes only form in

the presence of the triplex binding ligand, while at pH
7.5 footprints are only seen with the oligonucleotide
which generates the fewest number of C  *-GC triplets
(TTTTTTCTT) in the presence of the ligand.

INTRODUCTION

Formation of the €GC triplet requires conditions of low pH
(<6.0), necessary for protonation of the third strand cytosine. The
free base has a pK @#.5, though this may be elevated on triplex
formation. Blocks of contiguous*@GC triplets are particularly
unstable 9), presumably as a result of repulsion between the
adjacent positive charges. In an attempt to overcome this
limitation several cytosine analogues have been synthesized.
5-Methylcytosine has a slightly higher pK value than cytosine
(10-13) and triplexes containing this base are more stable at
higher pH, but are still not formed under physiological conditions.
Indeed, the increased stability*eC*-GC may result from the
extra spine of methyl groups within the DNA major grodv@.(
6-Oxocytosine 14,15) and pseudoisocytosinéd ) also have
significantly higher pK values. Another promising cytosine
analogue is 2-aminopyridine, which has a pK closer to
physiological pH {7). A different strategy uses purine analogues
such as 8-oxoadeninéd §19), N7-G 0,21) or P1 @2) for
recognition of GC. Some of these analogues retain the positive
charge on the base, including 2-aminopyridine and
5-methylcytosine, while others are uncharged species, such as
pseudoisocytosine and 6-oxocytosine.

Since T-AT and CGC triplets are isohelical®) and in both
cases the third strand base is held in place by two hydrogen bonds,
differences in the relative stability of these two triplets at pH 5.0
must reflect the effect of the positive charge on th&C triplet.

It has been shown that for intramolecular triplexesTthef the
triplex to duplex transition increases with increasingGC

Triple-stranded DNA is formed when an oligonucleotide binds itontent, suggesting that the free energy change for formation of
the major groove of duplex DNA Q). Binding of the third strand C*-GC is greater than for T-AT24). In this paper we have

to the duplex is sequence specific, enabling a very versatixamined the relative contributions of-GC and T-AT to triplex
approach to sequence-specific recognition of duplex DNAstability by comparing the binding of three 9mer oligonucleotides
Triplexes are stabilized by formation of hydrogen bonds betweef different base composition to different regions of a 17 base
the third strand bases and substituents on purine bases of dtigopurine tract, as shown in Figutb.

duplex. Two types of triple helix have been described which vary Another method for enhancing triplex stability is to use ligands
according to the composition and orientation of the third strangivhich selectively bind to triplex, but not duplex, DN26¢33).
Pyrimidine-rich third strands bind parallel to the purine strand di general these compounds bind selectively to T-AT rather than
the duplex and are characterized by formation of T-ATdm@C C*-GC triplets 28,32) and, although they have pronounced
triplets 3-5). In contrast, purine-rich third strands bind in aneffects on triplex stability, they do not remove the requirement for
antiparallel orientation, generatiggGC, A-AT and T-AT triplets conditions of low pH. We have therefore examined the stability
(6-8). Both triplex motifs are stabilized by divalent metal ions,of the triplexes shown in Figuréb in the presence of a

particularly magnesium and manganese.

naphthylquinoline triplex binding ligan@$-32).
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a) procedure labelled the purine-containing strand of the triplex
target site.

TyrT 48

AATTCCGGTTACCTTTAATCCGTTACGGATGAAAATTACGCAACCAGTTCTTTTTTC TCTTCCTRACAC DNase | footprinting

0 10 20 30 40 50 600

A GG G T TR CCTTCC TR AR AR eaR e Radiolabelled DNA (1.5) was mixed with 1.5l oligonucleo-
tide, dissolved in an appropriate buffer andul Biplex binding

TTTA(;ISGCGGCGCG’;‘gATTTGATA’;‘(gATGCGCCnggTTCCCGA’;‘I;ISGGGAGCA??ECAGTAAA};};(;CATT |Igand or buffer' ThIS mIXture WaS Ieft tO equlllbrate at Qoor

AAATGTCGCCGCGCAGTAAACTATACTACGCGGGGCGAAGGGCTATTCCCTCGTCCGGTCATTTTTCGTAA at Ieast 1 h Expenments at pH 50 and 60 Were performed |n
50 mM sodium acetate containing 10 mM MgGbr pH 7.5 the
AccecereaTacEsaTIC buffer used was 10 mM Tris—HCI containing 50 mM NaCl and
TGEGGCACCACCCCCARGGE 10 mM MgCb. The mixture was then digested by addingl 2
DNase |, diluted in 20 mM NaCl containing 2 mM Mg@ind
2 mM MnCb and stopped after 1 min by adding gl5of a

b) ©) solution containing 80% formamide, 10 mM EDTA and
5'~TTTTTTCTT " e 0.1% (w/v) bromophenol blue. Samples were boiled for 3 min
, 2 "TTCICTTTT NN before electrophoresis.
5'-TCCTTCTCT \
F AGGAAGAGAAARAAGAA O - Gel electrophoresis
3'=TCCTTCTCTTTTTTCTT b OO
H The products of DNase | digestion were resolved on 40 cm long,

0.3 mm thick, 9% polyacrylamide gels containing 8 M urea,

which were run at 1500 V fd®2 h. The gels were then fixed in
Figure 1.(a) Sequence d§rT48. The numbers correspond to those used in the 10%0 (V/V) acetic acid, dried under vacuum aﬁ(B@nd exposed
originaltyrT sequence (34). The box indicates the 17 base oligopurine tract. Théor autoradiography at —7C using an intensifying screen. Bands
bases bearing the radiolabel are underlin®dSéquence of the 17 base purine in the digest were assigned by comparison with Maxam-Gilbert
tract together with the three 9mer oligonucleotides designed to form triplexe ; ;
with different regions of the target site) Structure of the naphthylquinoline Markers for guanine and adenine.
triplex binding ligand. o .

Quantitative analysis

Autoradiographs of DNase | digestion patterns were scanned
using a Hoefer GS365 microdensitometer. For the analysis we

MATERIALS AND METHODS chose a band in each site which was well resolved and cut well in
. the control (ApG, position 53). The intensity of each band was
Chemicals and enzymes estimated using the manufacturers software and normalized with

respect to the intensity of two bands outside the target site
tored at 2@ | ter DN | hased f r‘@ositions 38 and 61 or 69). It should be noted that under all
vSv_ere S Orz ? i tm ?\ga (?[r. ase twtas pufrc72<elosoe U /rolmconditions the concentration of the third strand oligonucleotide is
'gma and stored at —2U at a concentration o X M much greater than that of the DNA target. As a consequence, the
Reverse transcriptase was purchased from Promega; restrictign = 110 ind oligonucleotide will be determined by the
enzymes were purchased from Promega, Pharmacia or N&Wiipriym dissociation constant, rather than the stoichiometric
England Biolabs. The naphthylquinoline triplex binding I'gandratio of third strand to target. Footprinting plot35( were

(Fig. 1c) was a gift from Dr L.Strekowski (Department of constructed from these data andy@alues, indicating the

Chemistry, Georgia State University, Atlanta, GA). This was, . : : ) !
stored as a 20 mM stock solution in dimethylsulphoxide €20 dligonucleotide concentration which reduced the band intensity

. . X . ; by 50%, were derived by fitting a simple binding curve to plots
and diluted to working concentrations in the appropriate bufflt and intensity against oligonucleotide concentration using

Oligonucleotides were purchased from Oswel DNA Service a

prior to use. FigP for Windows (Biosoft). These were fitted to the equation
lc = 10[Csd/(L + Csg)] where I is the band intensity in the
DNA fragments presence of the ligant} is the band intensity in the control and

L is the oligonucleotide concentration.
The sequence of the 160 typT fragment 84) was modified by I 'gonu ' !

PCR-mediated site-directed mutagenesis, introducing a 17 b:ﬁ SULTS

homopurine tract between positions 43 and 59. The mutate

fragment was cloned between EeeRI| andAvd sites of pUC18.  tyrT48 contains the 17 base oligopurine tra&dGGAAGAGAA-

The full details of preparation of this plasmid, which was a gifAAAAGAA between positions 43 and 59 (Figa). We have
from Dr Philip Brown, will be published elsewhere. The 160 bpargeted different regions of this sequence with the oligonucleotides
tyrT48 fragment (Figla) was obtained by digesting the plasmid5'-TCCTTCTCT, STTCTCTTTT and STTTTTTCTT, which
with EcadRl andSma and was labelled at thé-8nd of theEcdRl interact with the Send, centre and'-&nd of this tract. These
site with [a-32P]dATP using reverse transcriptase. The labellegenerate 9 base triplets containing four, two and ch&C
fragment of interest was separated from the remainder of thiiplets respectively, as shown in Figdie The results of DNase
plasmid DNA on a 6% non-denaturing polyacrylamide gel, eluted footprinting experiments performed at pH 5.0 with these
and dissolved in 10 mM Tris—HCI, pH 7.5, containing 0.1 mMoligonucleotides are presented in Figira Figure2 the left hand
EDTA at a concentration offl0 c.p.gil (10 nM). This portion of each panel shows interaction with the oligonucleotide
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+10uM ligand +10uM ligand +10uM ligand
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Figure 2. DNase | cleavage patternstgfT48 in the presence of varying concentrations of the three oligonucleotides at pH 5.0. In each panel the left hand lanes sho
digestion in the presence of the oligonucleotide alone, while the right hand lanes were performed in the pregevicepés ®inding ligand. The oligonucleotide
concentration{M) is indicated at the top of each lane. Tracks labelled ‘con’ show digestion of the DNA in the absence of added oligpoudtens binding

ligand. Tracks labelled ‘GA are Maxam—Gilbert markers specific for purines. The brackets indicate the position of theribénraicpwhile the filled boxes show

the bases targeted by each 9mer third strand. The reactions were performed in 50 mM sodium acetate, pH 5.0, containirg1Thevaaow indicates the band
that was subjected to densitometric analysis.

position 53 (ApG) and at the uppef)(&nd of the 17 base target
site. Looking first at the left hand panel, it can be seen that in the
absence of the ligand-3TTTTTCTT, which should bind to the
(lower) 3-end of the target site, does not alter the DNase |
digestion pattern even at a concentration as high gs13 the
presence of the ligand a clear footprint can be seen which persists
to the lowest oligonucleotide concentration (pM). In the
absence of the ligand TTCTCTTTT, which binds to the centre of
the oligopurine tract, alters the DNase | cleavage pattern at
concentrations of 30 and uM. In the presence of the ligand this
footprint persists to an oligonucleotide concentratidfa M.
concentration (uM) In contrast, 5TCCTTCTCT, which binds to the (upper}énd
of the oligopurine tract produces a clear footprint in the absence
of the ligand, which persists to a concentration of Rand
Figure 3. Footprinting plots showing interaction of the 9mer oligonucleotides Which shows little change on adding i triplex binding
with the 17 base target site. The intensity of each band was determined froigand. Inspection of these cleavage patterns reveals that although

densitometric scans of the autoradiographs shown in Figures 2 and 4. Thghe footprints extend by a few bases on either side of the target
ordinate shows the oligonucleotide concentratidvi)( the abscissa shows the

band intensity (arbitrary units). The curves correspond to the binding.reglons’ the O“ganCIEOtlde.S have bound selectively to their
parameters shown in Table 1)(No triplex binding ligand, pH 5.00 intended target sites, both in the presence and absence of the
5-TTCTCTTTT, @ 5-TCCTTCTCT. 8) 10 uM triplex binding ligand:A triplex binding ligand. Since these oligonucleotides interact with
5-TCCTTCTCT, pH 6.0;A 5-TTTTTTCTT, pH 5.0. different regions of the same target site, it seems reasonable to
suppose that the differences in their affinity arise from variations
in their sequence composition, i.e. the relative numbers of T-AT
alone, while the right hand lanes contairud® naphthylquinoline  and C-GC triplets. The oligonucleotide generating the greatest
triplex binding ligand. As previously note@l4), DNase | cleavage number of C-GC triplets binds with the highest affinity, in
within the oligopurine tract is generally poor. However,contrast to that forming only one' GC triplet, which does not
oligonucleotide-induced footprints can clearly be seen and apgoduce a DNase | footprint. A quantitative estimate of the
most evident from inhibition of the strong cleavage products aelative binding affinities of the three 9mer oligonucleotides was

intensity (arbitrary units)

0 10 20 30
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Figure 4. DNase | cleavage patternstyfT48 in the presence of varying concentrations of the three oligonucleotides at pH 6.0. In each panel the left hand lanes sho
digestion in the presence of the oligonucleotide alone, while the right hand lanes were performed in the pregavicemég ®inding ligand. The oligonucleotide
concentrationi{M) is indicated at the top of each lane. Tracks labelled ‘con’ show digestion of the DNA in the absence of added oligpoudtteiiid binding

ligand. Tracks labelled ‘GA are Maxam-Gilbert markers specific for purines. The brackets indicate the position of theribéntracpwhile the filled boxes show

the bases targetted by each 9mer third strand. The reactions were performed in 50 mM sodium acetate, pH 6.0, containigGla.0Tind/akfow indicates the

band that was subjected to densitometric analysis.

obtained by densitometric analysis of the bands marked by annfirms the requirement for protonation of the third strand
arrow, as described in Materials and Methods, producing theytosine. It is possible that the isolated cytosine in TTTTTTCTT
footprinting plots 85). Cs9 values, representing the has a higher pK value, but since this oligonucleotide does not
oligonucleotide concentration required to reduce the bamutoduce a footprint at pH 5.0, it is not possible to assess how it is
intensity by 50%, were calculated from these plots and provide affected by changes in pH. In the presence ofil¥Otriplex
estimate of the dissociation constant. Representative example$iofding ligand all three oligonucleotides produce clear footprints
these plots are presented in Figdireéhe Ggvalues obtained are at their target sites, which persist to similar concentrations of
presented in Tabld and confirm that the oligonucleotide [M—-3uM. Csgvalues estimated from densitometer scans of these
containing four cytosines binds much better than those containiagtoradiographs are presented in Tablk can be seen that the
one or two cytosines. complex with TTCTCTTTT, binding at the centre of the

The results of similar experiments performed at pH 6.0 amigopurine tract, is marginally more stable than the other two
presented in Figuré& It can be seen that under these conditionsomplexes. This result may reflect the fine balance between the
none of the oligonucleotides produces a footprint in the absen@suirement for &GC triplets to give a strong interaction and the
of the ligand, even at concentrations as high agM0This  selective stabilization of T-AT triplets by the ligand.

Table 1.Csg values gM) obtained from footprinting plots for the interaction of the three oligonucleotides with their target sequences

pH 5.0 pH 6.0 pH 7.5

No ligand 10uM ligand 10uM ligand 10uM ligand
S5-TTTTTTCTT No footprint 0.19+ 0.06 0.35+0.10 <22
5-TTCTCTTTT 4.6+1.1 0.13+ 0.03 0.15t 0.05 =302
5-TCCTTCTCT 0.13+0.03 =0.12 0.62+0.10 No footprint

The value corresponds to the oligonucleotide concentraildi fequired to reduce the intensity of bands in the footprint by 50%.
3Accurate values could not be determined from a quantitative analysis; the figures quoted are based on visual inspeatiradibtpaphs.
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5'-TCCTTCTCT
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protonated, the TGC triplet makes a greater contribution to
triplex stability than T-AT. This conclusion is in agreement with
the results of melting studies on intramoleuclar triplexes, which
suggested that the free energy change for formatiori-&Cis
greater than T-AT2(4).

We can offer two explanations for the greater stabilizing effect
of the C"-GC triplet. Firstly, it is possible that the positive charge
may shield the electrostatic repulsion between the phosphate
groups on the third strand and the duplex and may thereby
facilitate oligonucleotide binding. Alternatively, the positive
charge on the protonated cytosines may form favourable
interactions with the negativesystem of the stacked DNA bases.
We favour the second explanation, since the three
oligonucleotides show the same order of binding at 1 M NaCl
(unpublished observations). In either case this observation has
clear implications for the design of novel cytosine analogues for
generating stable triplexes at physiological pH. If the positive
charge is important then derivatives which retain this charge, such
as 2-aminopyridine, may be more successful than uncharged
analogues, such as 6-oxocytosine.

The observation that at pH 5.0 the three oligonucleotides bind
with similar affinities in the presence of the triplex binding ligand
confirms that each of the positions in the oligopurine tract is
capable of forming triple helical complexes. Since previous
studies have shown that the protonated form of this ligand is more

. R
...........

efficient at stabilizing triple helices39), it is possible that the
positive charge on the ligand affects triplex stability in a similar
way to the presence of & GC triplet. This compound, along

_ ' _ with other triplex binding ligands, selectively stabilizes T-AT
conentaions of he hros olgonucieatdes at pti 7.5, Thé sligonucieotidedTIPIELS 2. As & conseguence the binding stoichiometry may not
alone do not affect the DNase | cleavage pattern; all re.aé:tions contajoed 10 Soe th,e Same, for each of the trlplexes InveStlgatEd and this may
triplex binding ligand. The oligonucleotide concentratiphf) is indicated at ~ €Xplain why it appears to have a greater effect on the less stable
the top of each lane. The bracket indicates the position of the 17mer purine trastomplexes, which contain a greater number of T-AT triplets.

The reactions were performed in 10 mM Tris—HCI, pH 7.5, containing 50 mM

NaCl and 10 mM MgGl
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