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Abstract

The study concerns the propensity of triple helix formation by different DNA oligonucleotides containing long
A-tracts with and without flanking G ?C base pairs in order to probe the role of length of the A-tract and the flanking

Ž . Ž .sequences. From nuclear magnetic resonance NMR studies of imino proton spectra and circular dichroism CD
spectroscopy of samples composed of potential triplex forming strand sequences in correct stoichiometries, we have
concluded that 8-mer A-tracts flanked by G ?C base pairs exert significant steric hindrance to triple helix formation.
When as much as 50 mM Mg2q was added, no triple helix formation was observed in these samples. In contrast,
open-ended 8-mer A-tracts formed triplex with the corresponding two T strands under relatively mild ionic8

Ž q.conditions 100 mM Na . Moreover, the shorter the length of the A-tract, the less is the hindrance to form a triple
helix. Q 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

A-tracts may be defined as double-stranded
4]8 A?T base-paired DNA segments without in-
terruption by a TpA step. They exhibit a nar-

Abbre¨iations: W]C, Watson]Crick; H-bond, hydrogen
Ž .bond; Pyr, pyrimidine; Pur, purine; TSP, 3- trimethylsilyl

tetradeutero sodium propionate
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rowed minor groove, strong propeller-twisted base
pairs and deviation from the normal C29-endo
sugar puckering. The anomalous structural fea-
tures of A-tracts have been reviewed by Crothers

w xet al. 1 . Since the discovery by Crothers’ group
w xand other reports on A-tract bending 2]5 , sev-

eral investigations exploring its special structural
features have been performed by different re-

w xsearch groups 6]8 .
DNA is a conformationally flexible molecule

that can adopt several types of non-B structural
motifs including multi-strand helices, among
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which DNA triple helices have drawn increasing
w x Žattention in recent years 9]17 , for review see

w x.Shafer 18 due to their potential role in inhibi-
tion of transcription, mediating mutagenesis and
in antigene drug therapy as well as their impor-

w xtance in biotechnological applications 12,19,20 .
In the early 1990s, oligonucleotide-directed triple
helix formation came to focus with the biochemi-
cal and medical applications of its versatile nature

w x Žof sequence specific recognition 19,21 and ref-
.erences therein .

The two major nucleic acid triple helix motifs
with Hoogsteen or reverse Hoogsteen base pair-
ing of a third strand with a DNA double helix
have been defined. They include numerous ways
of third strand association depending on the se-
quences of the host duplex and the third strand
itself that makes it complicated in terms of polar-
ity rules and specificity. In the Pyr ?Pur)Pyr type
triplet motif, the purine strand in the middle
position forms W]C type hydrogen bonds with
one of the two pyrimidine strands in an antiparal-
lel sense and the second pyrimidine strand run-
ning parallel to this purine strand forming normal
Hoogsteen type H-bonds. In the other triplet
motif, Pyr ?Pur)Pur, the second purine strand
runs antiparallel to the other purine strand which
is, on the other side, engaged in W]C type base
pairing and in this case Pur)Pur H-bonds are
reverse Hoogsteen type. In the triplexes, extra
screening of phosphate anionic charge repulsion
is necessary, especially in the former case where
two parallel chains in the Hoogsteen part show
higher phosphate]phosphate anionic charge re-

w xpulsion due to a closer proximity 9 . Therefore,
triplex formation is associated with three major

Ž .criteria: a the participating strand sequences
must be of homopurinerhomopyrimidine type;
Ž .b triplex formation is favored by the presence of
divalent cations, while only the monovalent
cations are generally enough for the W]C H-bond

Ž .formation; c Hoogsteen type H-bond formation
allows degeneracy regarding the third strand DNA
sequence, i.e. either a homopyrimidine or a ho-
mopyrimidine strand may bind as the third strand
but with different polarity rules.

Our investigation deals with the sequence-re-

lated regulating factors of the triple helix forming
capability of model oligonucleotide systems. We
have used mainly nuclear magnetic resonance
Ž .NMR to study how the length of a homoadenine
sequence and the sequences of its surrounding
segments influence its ability to take part in triple
helix formation. The ability to take part in triple
helix formation has been related to the structural
characteristics of the sequence. We have found
that a duplex where G ?C base pairs surround an
A rT segment displaying some typical charac-8 8
teristics of an A-tract, is unable to form a triplex

Ž .with an added d T strand even at high divalent8
Ž 2q.cation concentration 50 mM Mg . However,

an 8-mer homoadenine strand without surround-
ing G ?C base pairs forms a triple helix with two
8-mer homothymine strands under relatively mild
ionic conditions. The relation between the A-tract
structural characteristics and the ability to form
DNA triple helices is discussed.

2. Materials and methods

2.1. Chemicals and oligodeoxynucleotides

All chemicals used were of analytical grade.
T h e sin gle stran ded oligon u cleotides
Ž . Ž . Ž . Ž .d CGCA CGC , d GCGT GCG , d A , d T ,8 8 6 6
Ž . Ž .d A , d T were purchased from either Cyber-8 8

Gene AB, Sweden or DNA Technology ArS,
Denmark and used without further purification.
Stock solutions were prepared by dissolving them

Ž .in 10 mM phosphate buffer pH 7.2 . Circular
Ž .dichroism CD samples were prepared by dilu-

tion of stock solutions with required amount of
added salt and NMR samples with also 1 mM
EDTA and 10% D Or90% H O. NaCl and2 2
EDTA used in NMR samples were Ultra-Pure
grade from Sigma. The strand concentration for
CD samples was 6 mM and for NMR it was in the
range of 0.5]2 mM.

2.2. Circular dichroism

Ž .Equimolar solutions 6 mM of the oligonu-
Žcleotide strands in 10 mM phosphate buffer pH

.7.2 , with required amounts of salt were combined
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to give appropriate stoichiometries. The elliptici-
ties of those mixtures as well as of the individual
single strands were measured in the range of
200]350 nm in a Jasco J-720 spectropolarimeter.
The temperature was held at 18C or 58C by using
a PTC-343 temperature programmer and con-
troller.

2.3. Imino proton NMR

NMR experiments were performed either with
a 400 or a 600 MHz Varian Inova spectrometer.
Imino proton measurements were made on 500
ml samples in 10 mM phosphate buffer with re-
quired amount of salt, 1 mM EDTA, 0.1 mM TSP
and 10% D Or90% H O. Sigma Ultra-Pure2 2
reagents were used to make NMR samples.
Chemical shift values are set with respect to the
TSP as an internal standard. The imino proton
spectra were recorded using a Jump-Return se-
quence for solvent suppression with the carrier
frequency set at the H O resonance. An interval2
delay of 49 ms was used along with a pulse repeti-
tion time of 2 s.

3. Results

Fig. 1 depicts three schemes of possible DNA
base triplets consisting of both W]C and Hoog-
steen type H-bonding. W]C base paired strands
containing A?T and G ?C base pairs run antipar-

Ž .allel to each other. The first triplet top is a
Pyr ?Pur)Pyr motif where Hoogsteen base paired
strands containing A)T base pairs run parallel to

Ž .each other. In the second middle and third
Ž .bottom triplets, reverse Hoogsteen base paired
strands containing G)G and A)A base pairs run
antiparallel to each other forming Pyr ?Pur)Pur
motifs. In the NMR spectroscopic study, the pres-
ence of W]C and Hoogsteen base pairs and
triplets are clearly evidenced by the appearance
of T imino proton resonances which are observ-
able due to the slow exchange of the H-bonded
protons.

We have studied the triplex formation propen-
sities of A rT tracts with different flanking se-8 8
quences and also without any flanks, as well as

Ž . Ž . Ž .Fig. 1. T?A)T top , T?A)A middle and C ?G)G bottom
ŽDNA base triplets containing both Watson]Crick dashed

. Ž .line and Hoogsteen type hatched line H-bonds.

the dependence of the triplex-forming propensity
on the length of the A rT tract.n n

3.1. CGCA CGCrGCGT GCGrT sample8 8 8

3.1.1. NMR
Fig. 2a shows the imino proton region of NMR

Ž .spectra of a 1:1 solution of d CGCA CGC and8
Ž .d GCGT GCG and Fig. 2b shows a 1:1:1 solu-8

Ž . Ž .tion of d CGCA CGC , d GCGT GCG and8 8
Ž .d T , in the presence of 100 mM NaCl in both8

cases. In the absence or presence of the third
strand they look identical displaying 8 T imino

Ž .proton resonances 13.6]14.3 ppm arranged from
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Fig. 2. Imino proton NMR spectra of a 1:1 solution of
Ž . Ž . Ž .d CGCA CGC and d GCGT GCG a and 1:1:1 solutions of8 8
Ž . Ž . Ž . Ž .d CGCA CGC , d GCGT GCG and d T b,c . Experiments8 8 8

Ž .were done in 10 mM phosphate buffer pH 7.2 containing 100
Ž . Ž .mM NaCl a,b and 100 mM NaCl plus 50 mM MgCl c in2

Ž . Ž . Ž .10% D Or90 %H O at 208C a , 118C b and 18C c . DNA2 2
concentration is 2 mM in each strand. The resonance assign-

w xment has been done according to Warmlander et al. 8 .¨ ¨

the 59 end to 39 end, as indicated in the figure.
There are also three resonances assigned to the

Ž .G imino protons 12.5]13.1 ppm . The sequential
assignment is taken from our earlier study on this

w xsequence 8 .
When 50 mM MgCl was added to the 1:1:12

solution and the temperature was lowered to 18C,
all resonances became broadened and somewhat

Ž .shifted Fig. 2c . Therefore the possibility that
some minor new resonances may have appeared
cannot be excluded. However, at this temperature
a new broad resonance appeared at 11.15 ppm
Ž . Ž .Fig. 2c . We conclude that the third strand d T 8
remains in single strand form. The broad reso-

nance at 11.15 ppm can be assigned to the T
Ž .imino protons of the unbound third strand d T .8

Ž .This resonance shows up at 18C Fig. 2c , but was
Ž .not visible at 118C Fig. 2b due to the fast ex-

change of the T imino protons with solvent at this
temperature.

3.1.2. CD
Fig. 3 compares the CD spectrum of a 1:1:1

Ž . Ž .solution of d CGCA CGC , d GCGT GCG and8 8
Ž .d T with an appropriate normalized sum of two8

Ž .CD spectra of a 1:1 solution of d CGCA CGC8
Ž . Ž .and d GCGT GCG and a solution of d T8 8

recorded separately under identical experimental
Ž .conditions 100 mM NaCl and 50 mM MgCl .2

We did not observe any significant change in
terms of spectral shape, bandwidth or peak posi-
tions between the experimental spectra and the
normalized sum. This is particularly clear from

Ž .the difference spectrum Fig. 3b , which is very
close to the baseline. This observation indicates
that the third strand remained in the unbound
form under this solvent condition and further
supports the NMR results of an unbound T8
strand described above.

3.2. GGGA GGGrCCCT CCCrT sample8 8 8

In this sample the sequence was changed to
one where the A segment has G as its closest8
neighbor on both sides instead of C. This was
done to probe whether the nature of the A-tract

Žjunctions GpA and ApG as compared with CpA
.and ApC influences the ability of the flanked A 8

segment to form a triple helix.

3.2.1. NMR
Fig. 4 shows the imino proton region of NMR

Ž .spectra of a 1:1 solution of d GGGA GGG and8
Ž . Ž .d CCCT CCC Fig. 4a and a 1:1:1 solution of8
Ž . Ž . Ž . Žd GGGA GGG , d CCCT CCC and d T Fig.8 8 8
.4b at 58C in the presence of 100 mM NaCl in

both the cases. In Fig. 4c we observe 8 T
Ž . Ž .13.7]14.5 ppm and 5 G 12.6]13.4 ppm imino
proton resonances corresponding to the W]C
base pairing of the duplex. There is also a small
broad resonance at 10.9 ppm. In Fig. 4b, addition

Ž .of the third strand d T does not at all affect the8
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imino proton resonance pattern of the W]C
base-paired duplex in the range of 12.6]14.5 ppm.
At approximately 11.15 ppm a very broad reso-
nance appeared in the region of 10.3]11.9 ppm.

Ž .Addition of 20 mM Fig. 4c and 50 mM MgCl2
Ž .Fig. 4d caused broadening and diminishing in-

Ž . Ž .Fig. 3. a CD spectra of a 1:1 solution of d CGCA CGC and8
Ž . Ž . Ž . Ž . Ž .d GCGT GCG } and a solution of d T ]?]?] . b CD8 8

Ž .spectrum of a 1:1:1 solution of d CGCA CGC ,8
Ž . Ž . Ž .d GCGT GCG and d T } compared with the normalized8 8

Ž .sum ] ] ] of the two separate CD spectra of a 1:1 solution
Ž . Ž .of d CGCA CGC and d GCGT GCG and a solution of8 8

Ž . Ž .d T . The difference ]?]?] between the experimental and8
Ž .the calculated spectra is also shown b . The CD experiments

Ž .were done in 10 mM Phosphate buffer pH 7.2 , containing
100 mM NaCl and 50 mM MgCl at 58C. The DNA concen-2
tration is 6 mM in each strand.

Fig. 4. Imino proton NMR spectra of a 1:1 solution of
Ž . Ž . Ž .d GGGA GGG and d CCCT CCC a and 1:1:1 solutions of8 8
Ž . Ž . Ž . Ž .d GGGA GGG , d CCCT CCC and d T b]d . Experi-8 8 8

Ž .ments were done in 10 mM phosphate buffer pH 7.2 contain-
Ž . Ž .ing 100 mM NaCl a, b , 100 mM NaCl plus 20 mM MgCl c2

Ž .and 100 mM NaCl plus 50 mM MgCl d in 10% D Or90%2 2
H O at 58C. DNA concentration is 1 mM in each strand for2
all cases.

tensity of all the resonances, but no new reso-
nances appeared. Like the sequence where Cs
flank the A segment, with this sample also there8
was no evidence of triplex formation, even at high
Mg2q concentrations.

Ž .CD studies data not shown gave results very
similar to those observed with the sample con-
taining the C-flanked A segment, supporting the8
NMR observations of absence of triplex forma-
tion.

3.3. A r2T sample8 8

In this sample the flanking GC sequences were
removed from the A rT segment, to probe the8 8
effect of the flanking base pairs to the A-tract.
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Ž .Fig. 5. Imino proton NMR spectra of 1:1 solutions a,b and a
Ž . Ž . Ž .1:2 solution c of d A and d T . Experiments were done in8 8

Ž .10 mM phosphate buffer pH 7.2 , 1 mM EDTA, without any
Ž . Ž .added salt a and containing 100 mM NaCl b,c in 10%

Ž . Ž . Ž .D Or90% H O at 18C a , 58C b and 108C c . DNA2 2
Ž .concentration is 2 mM in d A strand for all cases.8

3.3.1. NMR
Fig. 5a,b shows the imino proton region of

Ž . Ž .NMR spectra of 1:1 solutions of d A and d T8 8
monitored without any added salt and with 100
mM NaCl, respectively. Without salt it exhibits 4
T imino proton resonances engaged in W]C base
pairing of the A ?T duplex in the region of8 8
13.8]14.5 ppm. This duplex is not stable beyond

Ž .18C data not shown , because the screening of
charges is provided by the cations from the buffer
only. Addition of 100 mM NaCl to the 1:1 stoi-

Ž .chiometric solution Fig. 5b partly induces some
Ž .new resonances although small occupying a re-

gion of 12.4]13.76 ppm, on the upfield side of the
W]C resonances. All the resonances become
slightly broadened at the same time. These reso-
nances are observable at a somewhat higher tem-

Ž .perature 58C .

ŽWith 1:2 stoichiometry and 100 mM NaCl Fig.
.5c there are six additional resonances in the

region of 12.4]13.82 ppm. These new resonances
are assigned to the H-bonded imino protons in-
volved in Hoogsteen type base pairing in a T ?8
A )T motif. The resonances assigned to the8 8
W]C base pairs remain more or less unchanged
except for some broadening. The triplex is stable
at 108C under the experimental condition and
does not show any observable change in the tem-

Ž .perature range of 7]138C data not shown .

3.3.2. Temperature-dependence
Ž . Ž .When the 1:2 solution of d A and d T at8 8

100 mM NaCl was subjected to increasing tem-
Ž .perature from 58C to 408C data not shown ,

intensities of most of the resonances between
12.4 and 13.82 ppm were lost above 158C, indicat-
ing that no Hoogsteen base pairs remained above
that temperature.

3.4. A r2T sample6 6

In this sample the length of the A rT seg-n n
ment was reduced, to probe the influence of the
length of the A-tract on its ability to form a

w xtriplex. Earlier studies by Umemoto et al. 9 have
shown that a triplex was formed with a 1:2 solu-

Ž . Ž .tion of d A and d T under mild ionic condi-6 6
Ž .tions 100 mM NaCl .

3.4.1. NMR
Fig. 6 shows the imino proton region of NMR

Ž .spectra of 1:1 and 1:2 combinations of d A and6
Ž .d T in the absence or presence of salt. With the6

1:1 solution, no imino proton resonances except a
very broad resonance at approximately 11.15 ppm
are observable in the absence of any added salt at

Ž .18C Fig. 6a , indicating that the two strands are
not H-bonded. The 11.15 ppm resonance should
correspond to the non-H-bonded imino protons

Ž .of the d T strand. When NaCl is added to the6
Ž . Ž .1:1 solution Fig. 6b , or to a 1:2 solution Fig. 6c ,

seven resonances are induced in the region of
12.4]14.5 ppm. This imino proton resonance pat-
tern consisting of seven well-resolved resonances
is similar in both the cases except for a slight
downfield-shift of these resonances for 1:2 stoi-
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Ž .Fig. 6. Imino proton NMR spectra of 1:1 solutions a,b and a
Ž . Ž . Ž .1:2 solution c of d A and d T . Experiments were done in6 6

Ž . Ž .10 mM phosphate buffer pH 7.2 , without any added salt a
Ž .and containing 100 mM NaCl b,c in 10% D Or90% H O at2 2

Ž . Ž .18C. DNA concentrations are 1 mM a,b and 0.5 mM c in
Ž .d A strand.6

Ž .chiometric solution Fig. 6c with respect to those
Ž .for the 1:1 stoichiometric solution Fig. 6b . In

the study of the 1:2 stoichiometric solution of
Ž . Ž . w xd A and d T by Umemoto et al. 9 , a very6 6

similar imino proton spectrum was assigned to a
T?A)T triplex. The lowest field resonances were
assigned to the W]C base pairs, the highest field
resonances were assigned to the Hoogsteen base
pairs and the resonances between 13.4 and 13.8
ppm were assigned to both the W]C and the
Hoogsteen base pairs. The broad resonance at
11.15 ppm observed in Fig. 6a disappeared when
NaCl is added. We conclude that the 1:1 combi-

Ž . Ž .nation of d A and d T with no added salt6 6
remains as unbound single strands and then im-
mediately disproportionates to a mixture of
triplexqsingle strand even under very mild ionic
conditions.

3.4.2. Temperature-dependence
We observe from the temperature-dependent

Ž . Ž .NMR study of a 1:1 solution of d A and d T6 6
in the presence of 50 mM NaCl that between
108C and 158C all the resonances disappear

Ž .together data not shown . The temperature-in-
duced melting leads directly from the triplex to
single strands with no intermediate duplex stage,
indicating that the triplex is more stable than the

Ž .duplex in this sample data not shown .

( )3.5. 2 GGGA GGG rCCCT CCC sample8 8

In this sample, the propensity of forming a
triple helix with a Pyr ?Pur)Pur motif was probed.

3.5.1. NMR
Fig. 7a,b shows the imino proton region of

Ž .NMR spectra of d GGGA GGG and8
Ž .d CCCT CCC in 1:1 and 2:1 stoichiometry, re-8

spectively, in 100 mM NaCl at 58C. In Fig. 7a we
Ž .observe 8 T 13.7]14.5 ppm and 5 G imino

Ž . Ž .Fig. 7. Imino proton NMR spectra of a 1:1 a and 2:1 b,c
Ž . Ž .solutions of d GGGA GGG and d CCCT CCC . Experi-8 8

Ž .ments were done in 10 mM phosphate buffer pH 7.2 , con-
Ž .taining 100 mM NaCl a,b and 100 mM NaCl plus 20 mM

Ž .MgCl c in 10% D Or90% H O at 58C. DNA concentra-2 2 2
Ž .tion is 1 mM in d CCCT CCC strand for all cases.8



( )A. Sen, A. Graslund r Biophysical Chemistry 88 2000 69]80¨76

Ž .proton resonances 12.6]13.4 ppm corresponding
to the W]C base pairing of the duplex. In Fig. 7b,
the addition of the second purine strand under
the same conditions does not at all affect the
imino proton resonance pattern of the W]C base
paired duplex in the range of 12.6]14.5 ppm. At
approximately 10.65 ppm a very broad resonance
appeared occupying the region of 10.3]11.3 ppm.
As shown in Fig. 7c, addition of 20 mM MgCl2
causes broadening of all the resonances without
any observable change in the resonance pattern
except for a very small indication of a new reso-
nance at 13.55 ppm. A significant change of shape
occurs with the broad resonance in the region of
10.5]11.5 ppm, so that it appears to be composed
of two resonances of comparable intensity.

3.5.2. CD
Fig. 8 compares the CD spectrum of a 2:1

Ž . Ž .solution of d GGGA GGG and d CCCT CCC8 8
with an appropriate normalized sum of two CD

Ž .spectra of a 1:1 solution of d GGGA GGG and8
Ž . Ž .d CCCT CCC and a solution of d GGGA GGG8 8

recorded separately under identical experimental
Ž .conditions 100 mM NaCl and 50 mM MgCl .2

The spectrum of 2:1 stoichiometric solution shows
a small deviation from the calculated spectrum
which is obvious from the difference spectrum
Ž .Fig. 8b .

4. Discussion

w xAs demonstrated by Warmlander et al. 8 , the¨ ¨
14-mer duplex GCGT GCG ?CGCA CGC is very8 8
stable at 100 mM NaCl and 208C. The base pair
lifetimes were evaluated using a model having

w xtwo exchange modes of the imino protons 8 . The
base pair lifetimes corresponding to the slow mode
are longer than 300 ms for the innermost A?T

w xbase pairs 8 . This is among the longest observed
in any double helix up to now and should be
another characteristic of so-called A-tracts. This
DNA duplex exhibits well-resolved imino proton

Ž .resonances Fig. 2a originating from the W]C
base pairing. When the third strand is present in

Ž .the solution in correct proportion Fig. 2b , no
new resonance appears in the region of 12.5]14.5

Ž . Ž .Fig. 8. a CD spectra of a 1:1 solution of d GGGA GGG8
Ž . Ž . Ž . Žand d CCCT CCC } and a solution of d GGGA GGG ]8 8

. Ž . Ž .] ] . b CD spectrum of a 2:1 solution of d GGGA GGG8
Ž . Ž .and d CCCT CCC } compared with the normalized sum8

Ž .] ] ] of the two separate CD spectra of a 1:1 solution of
Ž . Ž .d GGGA GGG and d CCCT CCC and a solution of8 8
Ž . Ž .d GGGA GGG . The difference ]?]?] between the experi-8

Ž .mental and the calculated spectra is also shown b . The CD
Ž .experiments were done in 10 mM phosphate buffer pH 7.2 ,

containing 100 mM NaCl and 50 mM MgCl at 58C. The2
Ž .DNA concentration is 6 mM in d CCCT CCC strand.8

Ž .ppm at low temperature 118C . Even at 50 mM
Mg2q concentration and 18C temperature, this
system does not form a triplex as is evident mainly
from the appearance of a broad resonance at
11.15 ppm in addition to the relatively unchanged

Ž .imino proton resonance pattern Fig. 2c . The
resonance at 11.15 ppm is assigned to the imino
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Ž .protons of the third strand d T that remains in8
unbound form under these solvent conditions and
temperature. The absence of triplex formation in
this system is fully supported by the CD observa-
tions. The inability of this duplex to accept the
third strand should be connected to the
anomalous structural features of its A rT core,8 8
considered as a long A-tract.

Ž .The sample containing d GGGA GGG r8
Ž . Ž .d CCCT CCC rd T with a GpA step instead of8 8

CpA shows a similar behavior. The common fea-
ture of these two duplex systems is that the 8-mer
A-tract core is located in the midst of G ?C base
pairs on both sides. Obviously these systems exert
a steric hindrance to the formation of Hoogsteen

Ž .base pairing with a d T strand as the third8
strand, but the inability to form a triplex does not
depend on the A-tract junction being a GpA or a
CpA step.

The next system studied was the 8-mer A?T
segment with open ends. In Fig. 5b, the salt-in-

Žduced weak resonances in the region 12.4]13.76
.ppm upfield with respect to the W]C resonances

Ž .13.8]14.5 ppm should be assigned to the imino
protons that are involved in Hoogsteen type base
pairing. Although the two strands are in 50r50
proportion, addition of 100 mM NaCl shifts the
equilibrium of strand association towards triplex
of T ?A )T motif to some extent. This in turn8 8 8

Ž .leaves some d A strand unbound, whereas all8
Ž .d T strands have been used up in complex for-8

Ž .mation. The correct stoichiometry 1:2 of the two
strands in 100 mM NaCl, however, increases the

Ž .intensities of these small resonances Fig. 5c ,
confirming their assignment. We conclude that
the 1:2 stoichiometry gives a well-developed
triplex in 100 mM NaCl. The temperature-depen-
dent study showed that the Hoogsteen base paired
imino proton resonances in this sample disap-
peared at lower temperatures than the W]C ones,
indicating that the triplex is thermally less stable
than the duplex. Therefore the thermal melting is

Ž .biphasic triplexªduplexªsingle strand in this
case. The 1:1 stoichiometry results in a partially
formed triplex at 100 mM NaCl. In the absence of
any added salt, the 1:1 stoichiometry is appropri-
ate for forming the proper duplex of the A ?T8 8

Ž .motif Fig. 5a .

We interpret these observations to mean that
the open-ended A ?T duplex exerts little steric8 8
hindrance to the third strand association, thereby
indicating that the structural constraints are com-
pletely different in the two cases representing
presence and absence of flanking G ?C base pairs
on both sides of the A-tract.

In order to investigate the length-dependence
of such host A ?T duplexes with open ends, wen n
compared its behavior with that of a 6-mer open
A?T segment. The T ?A )T triplex imino pro-6 6 6
ton spectrum was first demonstrated in a solution
of 1:2 stoichiometry of A rT by Umemoto et al.6 6
w x9 with partial assignment of the resonances as
described in Section 3. An additional observation

Žof our study is that, in the presence of salt 100
.mM NaCl , this A rT system exhibits the triplex6 6

imino proton resonance pattern irrespective of
w xthe stoichiometry. Umemoto et al. 9 reported

that when a well-developed triplex with 1:2 stoi-
chiometry of A rT is subjected to melting from6 6
18C to 158C, all the imino proton resonances
disappear together, indicating that the transition
is monophasic and both types of H-bonds melt
together. In our study, we also investigated the
melting of the 1:1 stoichiometric solution, and
found again that all the resonances disappear
together. This means the triplex should be at least
as stable as the duplex for this sequence.

Comparing A rT segments of differentn n
lengths, we conclude that in terms of the capabil-
ity of duplex formation, the 6-mer A?T has less

Žpropensity than the 8-mer A?T cf. Fig. 5a and
.Fig. 6a, no added salt , whereas in terms of capa-

bility of triplex formation, the 6-mer A?T has a
Žhigher propensity than the 8-mer A?T cf. Fig. 5b

.and Fig. 6b, 100 mM NaCl .
w xFor longer A rT segments Pilch et al. 10n n

have reported that formation of the 10-mer T ?10
A )T triple helix requires either 2 M monova-10 10

Ž q.lent cation Na or 10 mM divalent cation
Ž 2q.Mg , i.e. this system requires higher cation
concentration than is required for the shorter
sequences studied here. We have observed that
100 mM NaCl is sufficient for the full formation
of T ?A )T triplex with 1:2 ratio of A rT .8 8 8 8 8
Comparing with polymeric deoxyribonucleotides,

w xe.g. as reported by Sehlstedt et al. 17 , a 1:2 ratio
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of polydArpolydT forms a triplex at low tempera-
tures at 100 mM NaCl concentration. Therefore,
the stability of an oligo T ?A )T triplex seems8 8 8
to be comparable to a polydT?polydA)polydT
triplex under the applied conditions of DNA con-
centration and temperature.

In Table 1 our observations are compared with
the other triplex systems reported by other re-
search groups. It is shown in the table that an
8-mer A-tract when flanked by G ?C base pairs is

Ž .unable to form triplex with the third d T strand8
even at a high divalent cation concentration, but
it is an efficient partner in triplex formation when
open at both ends. Our results also show that
when the third strand contains Ts or Gs, the
absence of a triplex structure can be probed by
the observation of a broad resonance at approxi-
mately 11 ppm at low temperatures which corre-
sponds to the unbound third strand.

The results turn out to be slightly different with
the other triplet family of T ?A )A motif. When8 8 8
the A rT tract is flanked by G ?C base pairs, the8 8
indications of triplex formation with another
Ž .d GGGA GGG strand are weak but not absent8

Ž .in our study Fig. 7 and Fig. 8 . We conclude that
the Pyr ?Pur)Pur motif requires less ionic driving

force than the Pyr ?Pur)Pyr motif with the same
8-mer A-tract core. With a lower number of ArT
bases, e.g. with a tetramer A-tract placed in the
middle of G ?C base pairs, it has been reported to
successfully form a triplex of T ?A )A motif at4 4 4

2q w x14 mM Mg 11 .
From the comparison of our data with those

w xreported in the literature 9]11 we conclude that
the shorter A-tracts have a higher propensity for
triplex formation than the longer ones, either
with the G ?C base pair-flanked A-tracts of Pyr ?
Pur)Pur motif or with the open ended A-tracts
of Pyr ?Pur)Pyr motif.

The structural basis of A-tract bending has
w x w xbeen extensively discussed 5 and reviewed 1 . It

seems most likely that structural features associ-
ated with the bending of an A-tract are also
related to its inaccessibility as a host duplex for
triple helix formation. Particularly, two struc-
turally anomalous phenomena have been re-
ported for so-called A-tracts. One is the minor
groove narrowing in the 59 to 39 direction and the
increased base pair propeller twist. Another is the
possible sequence-specific binding of monovalent
as well as divalent cations, which has been sug-

w xgested to be related to the bending of A-tracts 6 .

Table 1
aConditions for duplex and triplex formation with oligonucleotides

DNA Conditions for duplex Conditions for triplex References

Ž .CGCA CGCrGCGT GCG 1:1 100 mM NaCl ] This study8 8
Ž .CGCA CGCrGCGT GCGrT 1:1:1 ] Not found atrbelow This study8 8 8

100 mM NaClq50 mM MgCl2
Ž .GGGA GGGrCCCT CCC 1:1 100 mM NaCl ] This study8 8

Ž .GGGA GGGrCCCT CCCrT 1:1:1 ] Not found atrbelow This study8 8 8
100 mM NaClq50 mM MgCl2

Ž .A rT 1:1 No added salt ] This study8 8
Ž .A r2T 1:2 ] 100 mM NaCl This study8 8
Ž .A rT 1:1 Duplex not found ] This study6 6
Ž . w xA r2T 1:2 ] 100 mM NaCl 96 6
Ž . w xA rT 1:1 No added salt ] 1010 10
Ž . w xA r2T 1:2 ] 2 M NaCl or 10 mM MgCl 1010 10 2

Ž .GGGA GGGrCCCT CCC 2:1 ] Partial formation in This study8 8
100 mM NaClq50 mM MgCl2

bŽ . w xGGGA GGGrCCCT CCC 1:1 No added salt ] 114 4
bŽ . w xGGGA GGGrCCCT CCC 2:1 ] 14 mM MgCl 114 4 2

a Ž .Sodium phosphate buffer 10 mM; pH 7.2 , temperature close to 08C.
b Ž .Sodium phosphate buffer 15 mM; pH 7.2 , temperature 358C.
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w xIn the review by Crothers 1 , he described a
‘junction model’ consisting of bent A-tracts and
normal straight B-DNA segments. When long A-
tracts are involved, as with CGCA CGC ?8
GCGT GCG and GGGA GGG ? CCCT CCC,8 8 8
they may deviate so much from the canonical B
or B9-form that they become inaccessible or un-
available for the Hoogsteen type H-bond forma-
tion. Only when the so-called junctions are re-
moved or the A-tracts are made shorter, the
duplex allows formation of Hoogsten type H-
bonds in the major groove.

Ž .The absence of triplex formation by d T with8
either of the duplexes CGCA CGC?GCGT GCG8 8
or GGGA GGG ?CCCT CCC might in principle8 8
also be caused by unfavorable free energy at the
duplex]triplex junctions rather than the A-tract
features. This interpretation is, however, quite

w xunlikely in view of previous reports 22]25 where
Žshorter DNA pyrimidine oligonucleotides 6]14

.nucleotides in length recognize particular target
sequences on longer duplex DNA molecules to
form triple helices with 59 and 39 duplex-triplex
junctions. None of these target sequences contain
A-tracts longer than 6-mer. The overall conclu-
sion is that duplex]triplex junctions are not deci-
sive for the inability of triplex formation, which
instead is closely related to the presence of a long
A-tract in the target sequence.

We propose a possible explanation of the
observations in our study in terms of the resulting
alterations of the groove dimensions. A typical
feature of the A-tracts is known to be the nar-

w xrowing of the minor groove 1 . When the dimen-
sions of the minor groove changes, those of the
major groove cannot remain unaltered. In the
narrowed minor groove, purine N7 attached to

Ž .the sugar and the C5O guanine and thymine or
Ž .NH adenine come closer to each other. The2

geometry of the major groove on the other side of
the helix axis thereby changes in such a way that
it becomes too wide to make favorable H-bonds
with the third strand properly. It is apparent that
this phenomenon occurs only when the ArT seg-
ment is of a certain length andror flanked by
G ?C base pairs. The inability to support a triplex
may be considered as a probe of this altered
geometry. The altered ability of interaction with a

third strand may also be important for the specific
interaction of this type of sequences with pro-
teins.
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