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ABSTRACT

Nucleic acid triple helices have provoked interest
since their discovery more than 40 years ago, but it
remains unknown whether such structures occur
naturally in cells. To pursue this question, it is important
to determine the stabilities of representative triple
helices at physiological temperature and pH.
Previous investigations have concluded that while
both DNA and RNA can participate in the pyrimidine
triplex motif under mildly acidic conditions, these
structures are often relatively unstable at neutral pH.
We are now exploring the stability of intrastrand DNA
and RNA pyrimidine motif triplexes at physiological
temperature and pH. Duplex and triplex formation
were monitored by thermal denaturation analysis,
circular dichroism spectroscopy and gel shift experi-
ments. Short intrastrand triplexes were observed to
form in the pyrimidine motif in both DNA and RNA. In
the presence of physiological concentrations of Mg?*
and at physiological pH, all detected triplexes were
sufficiently stable to persist at physiological temper-
ature. If sequences specifying such intrastrand triplexes
are encoded in genomes, the potential exists for the
formation of stable structures in RNA or DNA in vivo.

INTRODUCTION

DNA and RNA are both known to form double helices. In
addition to these well-documented forms, nucleic acids have
also been found to form three- and four-stranded complexes
under some circumstances (1-5). Formation of triple helices
requires the third strand to hydrogen bond to consecutive
purine bases present in the underlying Watson—Crick duplex.
Depending on the sequence composition and relative orientation
of this third strand, triplex structures can be divided into two
categories or motifs (4). In the pyrimidine (Y) motif, the third
strand is composed of pyrimidine bases bound parallel to the
purine strand of the Watson—Crick duplex by Hoogsteen
hydrogen bonds and is stabilized under slightly acidic conditions
that favor cytosine protonation (6). Isomorphous TeA*T and
C*eGeC base triplets predominate. In the purine (R) motif, the
third strand is homopurine (typically G-rich), binds antiparallel
to the purine strand of the duplex via reverse-Hoogsteen

hydrogen bonds and its binding is relatively pH independent
(7). Base triplets Te (or A¢) AT and G*G*C predominate.

Triplexes can also be subdivided into intramolecular versus
intermolecular complexes. Intermolecular triplexes form when
a third strand binds to a separate, pre-established double helix
(1-5), or when a single strand is bound simultaneously by a
Watson—Crick complement and third strand present on a separate
molecule (8). Intramolecular triplexes form when the third
domain is physically tethered to the underlying duplex (9,10).
In principle, both intermolecular and intramolecular complexes
can occur in both the purine and the pyrimidine motifs.

Intermolecular triple helices have been of great scientific
interest due to their possible therapeutic uses (4,11). Traditional
approaches to inhibiting the production of gene products
include drugs or small molecules that can bind to a protein and
either disrupt its function or signal its degradation. An alternative
approach to altering gene expression might be the design of an
oligonucleotide that can specifically bind to a particular
sequence in the DNA double helix, forming an intermolecular
triplex. Intermolecular triplexes have demonstrated the potential
to modulate gene expression by altering DNA/protein inter-
actions (12-14).

Several groups have studied intermolecular triplexes, with
the majority of investigations focused on the ability of DNA to
form these structures (reviewed in 4). Fewer studies have
explored the abilities of RNA strands to participate in oligo-
nucleotide-directed triple helix formation in the Y and R motifs
(11,14-18). Based on this work, the emerging consensus is that
both DNA and RNA can participate in the Y motif at low pH.
However, only DNA can participate in the pH-independent
R motif (11,17,18).

Although intramolecular triplexes lack obvious therapeutic
applications, they might arise in natural systems. Intramolecular
triplexes could occur through two processes. In one case,
commonly known as H-DNA, local denaturation of homopurine—
homopyrimidine mirror repeats in duplex DNA allows one
DNA strand to fold back, forming base triplets with the adjacent
native duplex DNA (9,10,19,20). Sequences thought to support
such structures are over-represented in mammalian genomes
(21,22). In H-DNA the triplex is effectively intramolecular
although the participating domains are not covalently linked in
sequence along one strand. We term this latter case, which is
the subject of this paper, an intrastrand triplex to emphasize
the fact that the three domains lie sequentially along one strand
of DNA or RNA. The four possible classes of intrastrand
triplexes (I-IV) are presented schematically in Figure 1A.

*To whom correspondence should be addressed. Tel: +1 507 284 9041; Fax: +1 507 284 2053; Email: maher @mayo.edu



A. R Motif Y Motif

RH —— H

D
I — | m
S
— Y H—p
D) C
I R — R v

57 3
1 TTTCTTTTCT-TCTTTTCTTT-AAAGAAAAGA I
2 TCTTTTCTTT-AAAGAAAAGA

3 AAAGAAAAGA-TCTTTTCTTT-TTTCTTTTCT
4 AAAGAAAAGA-TCTTTTCTTT 1\
5 ~-TTTCTTTTCT
6 TTTCTTTTCT-AGAAAAGAAA-TTTCTTTTCT

C- 57 3

7 UUUCUUUUCU-UCUUUTUCUUU-AAAGAAAAGA
8 vcvvuucuuU-aAaacaaaaca 1

9 AAAGAAAAGA-UCUUUUCUUU-UUUCUUUUCU v
10 AAAGAAAAGA-UCUUUUCUUU

Figure 1. Experimental design. (A) Strand orientations of the four possible
classes of intrastrand triplexes. R, purine; Y, pyrimidine; H, Hoogsteen; RH,
reverse Hoogsteen. Arrows indicate 5’ to 3” direction. (B) Sequences of DNA
oligonucleotides studied. (C) Sequences of RNA oligonucleotides studied
(italics). Oligonucleotide domains were linked with hexaethylene glycol (-)
spacers.

Several studies have established that appropriate oligo-
nucleotides can fold to form intramolecular intrastrand
triplexes (23-32). However, these studies typically focused
only on DNA. Within this limitation, it was ascertained that
triplexes in the Y motif formed either at low pH in the absence
of Mg?* or at neutral pH in the presence of Mg?* (23) whereas
triplexes in the R motif were detected at neutral pH either with
or without Mg?*(26).

To extend these results, the present study systematically
investigates intrastrand triplex formation in appropriate short
DNA and RNA pyrimidine motif sequences at physiological
temperature and pH. Because the third strand is held at high
local concentration near the duplex in a single molecule, we
considered it possible that such triplexes might form even
when the corresponding intermolecular triplexes had not been
detected. We reasoned that if any detected triplexes were
sufficiently stable to persist at physiological temperatures and
pH, the discovery of similar sequences in genomes could
indicate potential structural and functional roles in vivo.

MATERIALS AND METHODS

Oligonucleotides

DNA oligonucleotides were synthesized by phosphoramidite
methodology using an Applied Biosystems Model 380B DNA
synthesizer. RNA oligonucleotides were synthesized using
appropriately protected RNA phosphoramidites followed by
the methylamine deprotection protocol suggested by the
supplier (Glen Research, Sterling, VA). Hexaethylene glycol
linker phosphoramidites were obtained from Glen Research
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and were introduced during synthesis as directed by the
supplier. All oligonucleotides were purified by denaturing
polyacrylamide gel electrophoresis, elution from gel slices and
desalting by precipitation from ethanol or on Cg reverse phase
cartridges (Waters). Oligonucleotides were characterized by
electrospray ionization mass spectroscopy in the negative ion
mode after on-line cation exchange to suppress metal adducts.

Thermal denaturation studies

Solutions of Y motif molecules for thermal denaturation
studies contained 1 UM oligonucleotide in 50 mM MOPS,
pH 7.1 in the absence or presence of the indicated concentrations
of MgCl, (similar results were obtained in cacodylate buffer).

Melting experiments were performed in teflon-stoppered,
1 cm path length quartz cells using a Varian Cary 300Bio UV-vis
spectrophotometer equipped with a thermoprogrammer.
Samples were heated to 85°C for 1 min and then cooled to 5°C
over 30 min. UV absorbance (A) at 260 nm was monitored as
the sample temperature was increased from 5 to 95°C at a rate
of one half degree per min. Below 20°C, nitrogen was continuously
flushed through the sample compartment to prevent moisture
condensation on the cuvettes.

Melting temperatures (7,,) and free energy values (AG,s)
were derived by computer fitting theoretical models to the
denaturation data using a previously described two-state
approximation for melting (33). In cases where two transitions
were observed for triplex denaturation, each transition was
analyzed separately.

Circular dichroism spectroscopy

Circular dichroism (CD) studies were performed using a modified
Jasco J720 spectrometer at ambient temperature. Selected
DNA oligonucleotides (6 uM) were studied in 50 mM MOPS,
pH 7.1 in the absence or presence of 5 mM MgCl,. Native
polyacrylamide gel electrophoresis studies of the molecules at
concentrations 40 nM—-6 UM confirmed that the respective
oligonucleotides did not aggregate under these conditions.
Samples were heated to 90°C for 5 min and cooled to room
temperature over 30 min before spectra were collected.
Rectangular optical cells with path lengths of 0.1 cm were used
for DNA samples.

Gel shift assay

Oligonucleotides were labeled by treatment with T4 poly-
nucleotide kinase in the presence of [y-?P]ATP. Labeled
oligonucleotides were subsequently purified by gel filtration
chromatography. For the gel shift assay, ~0.4 pmol labeled
oligonucleotide, 1 UM unlabeled oligonucleotide and 1 ug
yeast tRNA were incubated in 50 mM MOPS buffer, pH 7.1
either in the absence or presence of 5 mM MgCl,. Samples
were heated to 90°C for 5 min and then cooled to room temper-
ature over 30 min. Samples were then analyzed on 20% native
polyacrylamide gels (19:1 acrylamide/ bisacrylamide) prepared in
50 mM MOPS buffer, pH 7.1. Electrophoresis was performed in
this buffer at room temperature overnight. (Samples containing
MgCl, were also analyzed on gels that contained Mg?*, and
similar results were obtained.) The resulting gel was imaged
and analyzed by storage phosphor technology using a Molec-
ular Dynamics Storm 840 phosphorimager.
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RESULTS AND DISCUSSION

Experimental design

To systematically investigate the stabilities of representative
short pyrimidine (Y) motif intrastrand triple helices at physio-
logical temperature and pH, we created a set of DNA (I-6) and
RNA (7-10) molecules (Fig. 1B and C). In this design, all three
strands (Watson, Crick and Hoogsteen) are present in a single
molecule that can fold back on itself to form an intramolecular
triplex. Flexible tethers, composed of hexaethylene glycol
units, were used to link the oligonucleotide domains (Fig. 1).
Previous studies have demonstrated that this class of
hydrophilic linkers allows formation of duplexes and triplexes
with conformations indistinguishable from non-linked molecules
(28,34,35). Hexaethylene glycol linkers thus provided an
economical means to create generic linkers. Thermal denaturation
experiments comparing the stabilities of DNAs containing
tetra-cytosine linkers in place of hexaethylene glycol established
that the composition of the linkers did not significantly alter
the melting temperature at physiological pH and MgCl,
concentrations (data not shown). The two possible folded
isomers in the Y motif, differing in the 5’ to 3" order of their
domains were designed, thus creating representatives of triplex
classes III and IV (Fig. 1A). The appropriate underlying
duplexes were also synthesized as controls. A DNA molecule
containing only the Hoogsteen domain terminating with hexa-
ethylene glycol groups was synthesized for CD experiments
(oligonucleotide 5; Fig. 1B). As a control for the gel shift
experiments, a Y motif DNA molecule was also synthesized
such that the Hoogsteen domain was constrained to lie anti-
parallel to the purine strand, thereby precluding conventional
Y motif triplex formation (oligonucleotide 6; Fig. 1B).

Y motif triplexes detected in both DNA and RNA at neutral pH

Using UV spectroscopy, triplex formation was assayed by
monitoring thermal hyperchromicity at 260 nm for Y motif

molecules in 50 mM MOPS buffer, pH 7.1 either in the
absence or presence of 5 mM MgCl,.

Two melting transitions are typically expected if triplex
formation occurs in molecules containing three domains. The
first transition reflects dissociation of the Hoogsteen strand.
The second transition reflects melting of the underlying duplex
into a single strand. Because the two-domain control molecules
represent only the underlying duplexes, they were expected to
demonstrate single melting transitions comparable to the second
transitions of the corresponding three-domain molecules.

Representative UV melting curves are shown in Figure 2A
and B. In the Y motif in the absence of Mg?*, both DNA and
RNA appear to form triplexes that dissociate in two transitions
(Fig. 2A and B, open symbols). The melting temperatures and
calculated free energies of the second transitions in these molecules
are very similar to the melting transitions observed for their
corresponding duplex derivatives, as expected (Fig. 2A and B,
oligonucleotides 1-4, 7-10, Table 1). For both class III and
class IV triplex—duplex transitions, DNA structures were found
to be more stable than the corresponding RNA structures. For
class III DNA 1, the first melting transition occurred at 30.1°C
(AG,5=0.4 kcal/mol) as compared to 15.6°C (AG,5=—1.5 kcal/
mol) for class II RNA 7 (Table 1). Similar results were
obtained for class IV isoforms in this motif (oligonucleotides
3-4, 8-9, Table 1). These stable triplexes are noteworthy
because they occur at pH 7.1, well above the pK, for cytosine
protonation commonly observed to stabilize the Y motif. The
high stability of these triplexes at physiological pH is presumably
attributable to their intrastrand character.

Y motif triplexes stabilized by Mg2?*

The addition of Mg?* stabilizes RNA triplex formation for both
isoforms in the Y motif (filled symbols in Fig. 2A, oligo-
nucleotides 7-10, Table 1). Addition of 5 mM Mg?*effected an
increase in the temperature of the first melting transition of

Table 1. Melting and thermodynamic parameters (+ standard deviation) for DNA and RNA oligomers at pH 7.1 in the absence or presence of

5 mM Mgt
0 mM Mg* 5 mM Mg*
Backbone  Class Domains Oligomer T, (°C) Tovign CC)  AGy; (keal/mol)* T, 4, (°C) T, hign (°C)  AGys (keal/mol)*
111 3 1 30.1+1.5 0.4+0.1
D 50.3+1.0 5.4+41.1 63.510.6 4.4+0.2
N I 2 2 51.840.2 4.5+0.5 64.6+0.4 7.0+0.7
A v 3 3 33.9+1.8 1.540.5
49.240.9 49+1.4 62.840.3 5.4+0.2
L v 2 4 51.540.5 4.940.2 64.7+0.4 6.9+0.9
1 3 7 15.6+0.6 -1.5+0.2 37.6+0.2° B
R 51.2+1.6 5.1+1.0 67.310.8 9.7+0.0
N 1L 2 8 54.0+1.7 6.0+1.5 67.040.1 8.3+0.5
A v 3 9 17.1+1.7 -1.140.3 41.6+1.6° -
53.040.3 6.240.4 69.3+1.1 9.8+1.7
v 2 10 53.9+0.2 5.640.1 68.00+0.5 8.3+1.0

*AG,;s refers to the unfolding process at 25°C.
bT,, estimated as maximum of dA/dT plot.
¢Parameter could not be accurately estimated by fitting.
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Figure 2. Results of thermal denaturation and CD experiments for Y motif
molecules. Intramolecular complexes were analyzed in solutions containing
50 mM MOPS, pH 7.1 in the absence (open symbols) or presence (filled
symbols) of 5 mM Mg?*. (A) UV spectra of Y motif RNAs 8 (1 uM; circles)
and 9 (1 uM, squares). (B) UV spectra of Y motif DNAs 1 (1 uM; circles) and
2 (1 uM, squares). (C) CD spectra of Y motif DNA 3 (6 uM; circles) versus
the added spectra of 4 and 5 (each at 6 pM, squares) at 23°C. UV spectra
recorded at 260 nm.

~23°C (oligonucleotides 7 and 9, Table 1). Thus, short intra-
strand RNA triplexes of this kind could occur in vivo.

In contrast to RNA, addition of Mg?* to both isoforms of
DNA Y motif molecules altered their melting behavior such
that the molecular structure no longer dissociated in two tran-
sitions upon heating (filled symbols in Fig. 2B). Moreover, the
single melting transitions observed in these three-domain
molecules occurred at temperatures similar to their corre-
sponding duplexes (oligonucleotides 1-4, Table 1). This result
for DNA is surprising, as Mg?* is thought to stabilize Y motif
triplexes. While unexpected, there is some precedent for this
observation. A previous study also noted that the biphasic
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melting of Y motif triplexes disappeared as Mg?* concentration
was increased above 1 mM (28). Additional experiments
employing lower concentrations of MgCl, demonstrated the
same melting behavior down to 1 mM (data not shown). In the
presence of 0.1 mM MgCl,, the profile is slightly biphasic
(data not shown). Possible explanations for the appearance of a
single transition include: (i) Mg?* ions somehow inhibit association
of the Hoogsteen domain with the underlying duplex; (ii) the
three-domain molecule forms a triplex that is at least as stable
as the underlying duplex, such that the melting of the third
strand is coincident with the duplex melting transition; (iii) the
dissociation of the Hoogsteen domain does not produce a
detectable change in the UV spectrum in the presence of Mg?*;
(iv) the absorption properties of the triplex may be altered due
to a change in extinction coefficient; or (v) the third strand
dissociates with low cooperativity such that the melting transition
is too broad to detect.

In order to clarify whether or not intrastrand triplexes were
forming in DNA Y motif molecules in the presence of Mg+,
CD spectroscopy was employed. Spectra of the three-domain
molecules, their corresponding duplexes and their isolated
Hoogsteen (H) or reverse-Hoogsteen (RH) domains were
collected separately. The spectra of the duplexes and the H or
RH domains were then summed mathematically and compared
to the spectra of the corresponding three-domain molecules. If
triplexes occur, the interaction of the H (or RH) domain with
the underlying duplex may cause the spectrum of the three-
domain molecule to be different from the added spectra of the
corresponding two-domain molecule and isolated third strand
(36).

The spectrum of the three-domain DNA Y motif molecule 3
is characterized by a maximum at 281 nm and a minimum at
250 nm in the absence of Mg?* (open circles in Fig. 2C). In
contrast, the spectral sum of corresponding duplex 4 and third
strand 5 is different, characterized by an increase in amplitude
of the maximum at 281 nm, as well as a loss of a slight dip at
~268 nm (open squares in Fig. 2C). Durand and co-workers
obtained similar results in their characterization of a Y motif
triplex with TeA*T triads (28). Upon addition of 5 mM Mg?*,
the shape of the spectra for both 3 and 4+5 did not change,
although the amplitudes were slightly decreased (filled
symbols in Fig. 2C). These results suggest that an alternative
structure consistent with triplex formation occurs in DNA
Y motif molecules both in the absence and presence of Mg+,
despite the fact that only a single melting transition is detected
in the presence of Mg?+.

In order to further clarify these results, gel shift experiments
were undertaken. The migration of DNA Y motif molecule 3
was compared to that of control DNA molecule 6 whose
domains had been reordered such that a conventional Y motif
triplex structure is impossible (Fig. 3A). Triplex formation is
expected to generate compact structures that migrate more
quickly through native polyacrylamide gels. In contrast, the
unfolded molecule whose Hoogsteen domain cannot associate
with the underlying duplex should exhibit retarded mobility.
The electrophoretic mobilities of both molecules were examined
either in the absence or presence of Mg2*,

DNA molecule 3 migrated faster than control molecule 6,
both in the absence and presence of Mg?* in the loaded samples
(Fig. 3B, lanes 2 and 4). Comparable results were obtained
when the entire gel and electrophoresis buffer contained 5 mM
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Table 2. Summary of results. Intrastrand triplex formation detected (+) or undetected (-) in DNA (D) and RNA (R)
oligomers at pH 7.1 in the absence or presence of 5 mM Mg2*

Motif Class Backbone Thermal denaturation ~ CD spectroscopy Gel shift
(—Mg2+/+Mg2+) (_Mg2+/+Mg2+)a (—Mg2+/+Mg2+)a
III D +/- ND ND
Pyrimidine R +/+ ND ND
Y) v D +/— +/+ +/+
R +/+ ND ND
aND, not determined.
A this result was due to Mg?*-dependent triplex inhibition or
e masking of the transition by one of the mechanisms described

—

Eo

ONA 3 DNA &
B.
DHA 3 + - + -
DHNA 6 = + - +
Hga. =~ + +

1 2

Figure 3. Gel shift experiments. Autoradiogram of 20% native polyacrylamide
gel suggesting the formation of a compact intrastrand triplex by DNA 3
(lanes 1 and 3) but not by DNA 6 (lanes 2 and 4). Mg?* (5 mM) was present
during equilibrium of samples in lanes 3 and 4 prior to electrophoresis.

Mg?* (data not shown). This behavior indicates that stable
Y motif triplex formation occurs for DNA 3 in the absence or
presence of Mg, supporting the results obtained with CD
spectroscopy.

Conclusions and implications

Our data for thermal denaturation, CD and gel shift analyses of
intrastrand DNA and RNA triplexes are summarized in
Table 2. In our UV studies we found that DNA Y motif
triplexes melted in two transitions. In contrast to a previous
report (23), we did not detect significant differences among the
stabilities of the various triplex isoforms. For DNA in the
Y motif, triplexes were observed in the absence of Mg?.
However, triplexes were not detected by UV melting analysis
upon addition of 5 mM Mg?*. In order to determine whether

above, CD spectroscopy was utilized. Employing this method,
we detected evidence of triplex formation in DNA Y motif
molecules in both the absence and presence of Mg?* (Table 2,
column 5). These CD results, together with the finding that the
melting profile is still slightly biphasic in the presence of
0.1 mM Mg?* (data not shown) support the notion that the
presence of Mg?* in concentrations above 1 mM masks the
triplex transition in the melting profile. We suggest three
possible mechanisms. First and most likely, Mg may promote
a triplex that is at least as stable as the underlying duplex so
that the melting of the third strand becomes coincident with the
duplex melting transition. We cannot rule out the possibility
that Mg?* eliminates a detectable change in the UV spectrum at
260 nm when the Hoogsteen domain associates with the
duplex. It also remains possible that Mg?* causes the DNA
triplex to dissociate with low cooperativity, producing a broad
and undetectable melting transition. The notion that the Y motif
intrastrand DNA triplex is indeed stable in the presence of
Mg?* was further supported by our gel mobility assays (Fig. 3).

For RNA, Y motif triplexes were detected in the absence of
Mg?* using UV spectroscopy. Addition of Mg?* increased the
stability of these triplexes. In both cases, RNA in Y motif
complexes demonstrated two melting transitions.

In summary, all four possible DNA and RNA Y motif intra-
strand triplexes were observed using thermal denaturation
experiments, CD spectroscopy and gel shift experiments
(Table 2). In the presence of physiological concentrations of
Mg?* and at physiological pH, all detected triplexes are sufficiently
stable to persist at physiological temperatures. The data
suggest that, if such sequences are encoded in genomes, the
potential exists for the formation of stable intramolecular triple
helix structures in single-stranded DNA and RNA in vivo.

It is interesting that while isolated base triplets occur in
tRNA and ribozyme structures (37-39), no intrastrand triple
helices with consecutive stacked triplets have yet been
observed in the folded structures of natural RNAs. The present
demonstration that short structures of this type readily occur in
the Y motif (class III and IV triplexes) at physiological pH and
temperature suggest that intrastrand Y motif triplex structures
may eventually be discovered in natural RNAs. If detected, the
possible functions of such structures would be intriguing.

An obvious limitation to the natural occurrence of intrastrand
DNA triple helices is the requirement for all three domains to
be available along a single DNA strand. Thus, natural DNA



triplexes would be expected only at DNA sites where the
complementary DNA strand had not yet been synthesized (40),
where the complement was complexed with single-stranded
DNA binding proteins, or where denaturation was favored by
negative superhelical strain. Even if present only transiently,
such triple-helical DNA structures might alter the fidelity or
speed of replication or transcription, or serve as binding sites
for specialized proteins. It will therefore be of interest to
explore genomes for sequences with the potential to adopt or
encode intrastrand triple helices.
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