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ABSTRACT: We have investigated the structure and physical chemistry of the d(C;T,C3)-2[d(G3A,G;)] triple
helix by polyacrylamide gel electrophoresis (PAGE), 'H NMR, and ultraviolet (UV) absorption spectroscopy.
The triplex was stabilized with MgCl, at neutral pH. PAGE studies verify the stoichiometry of the strands
comprising the triplex and indicate that the orientation of the third strand in purine—purine—pyrimidine
(pur-pur-pyr) triplexes is antiparallel with respect to the purine strand of the underlying duplex. Imino
proton NMR spectra provide evidence for the existence of new purine-purine (pur-pur) hydrogen bonds,
in addition to those of the Watson—Crick (W-C) base pairs, in the triplex structure. These new hydrogen
bonds are likely to correspond to the interaction between third-strand guanine NH1 imino protons and the
N7 atoms of guanine residues on the purine strand of the underlying duplex. Thermal denaturation of the
triplex proceeds to single strands in one step, under the conditions used in this study. Binding of the third
strand appears to enhance the thermal stability of the duplex by 1-3 °C, depending on the DNA concentration.
The free energy of triplex formation (-26.0 £ 0.5 kcal/mol) is approximately twice that of duplex formation
(~12.6 £ 0.7 kcal/mol), suggesting that the overall stability of the pur-pur base pairs is similar to that of
the W-C base pairs. In addition, under identical solution conditions with the exception of pH (7.3 vs 5.5),
the stability of the third strand in the d(C,T4C;)-2[d(G3A4G;)] triplex is approximately twice that of the
third strand in the corresponding d(C*T,C*;)-d(G;A4G;)-d(C3T,C,) triplex (—6.4 £ 0.5 kcal/mol) [Pilch,
D.S., Brousseau, R., & Shafer, R. H. (1990) Nucleic Acids Res. 18, 5743~5750]. This marked enhancement
in stability, coupled with the lack of an acidic pH requirement, suggests that pur-pur-pyr triplexes are
appealing choices for use in applications involving oligonucleotide targeting of duplex DNA in vitro and
in vivo.

June 25, 1991

’]:le structural diversity of nucleic acids has become in-
creasingly evident in recent years. The triple helix is one form
among a variety of unusual structures (Wells et al., 1988) that
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has generated a substantial degree of interest. Much of this
interest was generated when intramolecular triple helices,
termed H-DNA, were observed in supercoiled plasmids at
acidic pH (Mirkin et al., 1987; Voloshin et al., 1988; Htun
& Dahlberg, 1988; Hanvey et al.,, 1988). Subsequently, the
ability of a third strand to bind to double-helical DNA via
triple-helix formation has led to possible applications of tri-
plexes as sequence-specific artificial nucleases (Moser &
Dervan, 1987; Strobel et al., 1988; Sun et al., 1989; Héléne
et al., 1989; Perrouault et al., 1990), modulators of DNA-
binding proteins (Maher et al., 1989), and regulators of gene
expression (Minton, 1985; Caddle et al., 1990; Glaser et al.,
1990; Héléne & Toulmé, 1990). The last of these applications
highlights the potential for using triplex-forming nucleic acids
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as chemotherapeutic agents (Cooney et al., 1988).

Early studies showed that triplex structures consisting of
two pyrimidine strands and one purine strand (pyr-pur-pyr
triplexes) could be readily formed with synthetic poly-
nucleotides under appropriate solution conditions (Felsenfeld
et al., 1957; Riley et al.,, 1966; Thrierr & Leng, 1972).
Triple-helical structures were also observed containing two
strands of poly(dG) and one of poly(dC) (Marck & Thiele,
1978; Marck et al., 1978). Only recently, however, has it been
possible to produce a triple helix containing two strands of
poly(A) and one strand of poly(U) (Broitman et al., 1987).
In this case, it was observed that the length of the poly(A)
strands must be within a certain range in order to allow for-
mation of a pur-pur-pyr triple helix. Thus, it appears that the
stability of pur-pur-pyr triplexes is dependent on base com-
position to a greater extent than pyr-pur-pyr triplexes.

Recently, there have been structural and thermodynamic
studies on a variety of short pyr-pur-pyr triple helices, made
up of T-A-T and C*.G-C base triplets (Rajagopal & Feigon,
1989; Santos et al., 1989; Pilch et al., 1990a,b; Umemoto et
al., 1990; Manzini et al., 1990; Plum et al., 1990). Since the
latter triplet involves protonation of one cytosine at its N3
position, formation of GC-containing pyr-pur-pyr triplexes
requires either acidic pH or methylation of cytosine at its CS§
position (Lee et al., 1984). Cooney et al. (1988) described
formation of a triple helix in which the third strand, consisting
of 27 purine-rich bases, was synthesized parallel to the purine
strand of a sequence in the promoter region of the c-myc gene.
The resulting triplex was shown to inhibit ¢-myc expression
in vitro. More recently, Durland et al. (1990) presented ev-
idence for triplex formation at neutral pH where the third
strand, which contained only G and T bases, was antiparallel
to the purine strand of the target duplex. Mabher et al. (1989)
were able to form pyr-pur-pyr triple helices by addition of third
strands targeted to several DNA sequences within or flanking
protein-binding sites and thereby inhibit the binding of the
proteins to their designated sites. However, upon synthesizing
a third strand, consisting of only purine bases, in a parallel
orientation with respect to the purine strand of the target
duplex, they were unable to form the corresponding pur-
pur-pyr triplex. Bernués et al. (1989, 1990) have recently
demonstrated evidence for intramolecular pur-pur-pyr triplex
formation at neutral pH in plasmids containing (GA),(TC),
inserts. To date, no detailed structural or physicochemical
studies on pur-pur-pyr triplexes have been reported.

Recently, we presented a thermodynamic analysis (Pilch et
al., 1990b) of the pyr-pur-pyr triple-helical system, d-
(C+3T4C+3)'d(G3A4G3)'d(C3T4C3), stabilized by acidic pH and
either Na* or Mg?* cations. We now describe experiments
probing the structure, stability, and thermodynamics of the
corresponding pur-pur-pyr triple helix, d(C,T,C;)-2[d-
(G3;A,G3)], at neutral pH in the presence of Mg?* cations.
Using PAGE techniques, we establish the stoichiometry of this
triplex and determine the general orientation of the third strand
in pur-pur-pyr triplexes. 'H NMR spectra of the imino proton
region provide evidence for the presence of new hydrogen bonds
in addition to those of the underlying duplex. Thermal de-
naturation curves are analyzed to provide thermodynamic
parameters for the dissociation of the triplex, which proceeds
from triplex to single strands in one step. The free energy of
triplex formation is approximately twice that of duplex for-
mation under identical solution conditions, suggesting that the
collective stability of the pur-pur base pairs is similar to that
of the W-C base pairs. These experiments represent the first
structural and physicochemical analysis of a short intermo-
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lecular pur-pur-pyr triple helix.

MATERIALS AND METHODS

Chemicals and Oligodeoxynucleotides. Synthesis and pu-
rification of the d(G;A,G;) and d(C,T,C;) oligomers were
carried out as previously described (Pilch et al., 1990b). The
oligomers d(TTCCTCTCCC) (Pyr), d(GGGAGAGGAA)
(Purl), and d(AAGGAGAGGG) (Pur2) were synthesized as
previously described (Pilch et al., 1990a) and purified by
standard PAGE techniques. The concentrations of all oli-
gomers were determined spectrophotometrically. The previ-
ously reported extinction coefficients (Pilch et al., 1990b) were
used for d(G3A,G;) [exs5 = 11500 cm™ (mol of base)™ L)
and d(C,;T,Cs) [e37; = 8300 cm™! (mol of base)™ L]. The
extinction coefficients for Pyr, Purl, and Pur2 were determined
as described by Griswold et al. (1951). All oligomer con-
centrations, except where noted otherwise, are reported on a
strand basis. The buffer reagents were obtained from Sigma
Chemical Co.

PAGE Retardation Assay. Nondenaturing polyacrylamide
gel electrophoresis was carried out at 4 °C. The 15% poly-
acrylamide gels [29:1 acrylamide:bis(acrylamide)] contained
90 mM Tris-borate buffer (TB) (pH 8.0) and 50 mM MgCl,,
which comprised the tank buffer as well. Gels were run at
3 V/em (~10 mA) for 16-18 h. All DNA samples were
preheated at 80 °C for 5 min, slowly cooled, and loaded in
90 mM TB (pH 7.8), 5% Ficoll (type 400), and 50 mM
MgCl,. For the triplex based on the d(C,T,C;) strand, DNA
samples contained either 0 or 100 uM d(G;A,G;) and con-
centrations of d(C,T4C,) ranging from 0 to 350 uM. For the
triplex based on the asymmetric Pyr strand, DNA samples
contained 19 uM Pyr, either 19 or 38 uM Purl, and either
0 or 19 uM Pur2. Gels were initially visualized by UV
shadowing and then photographed. Gels were subsequently
stained for 5 min in a 5 ug/mL solution of ethidium bromide
(EtdBr), briefly destained in distilled water, visualized with
a UV transilluminator, and then photographed.

Imino Proton NMR. NMR experiments were conducted
on a 500-MHz General Electric GN-500 spectrometer,
equipped with an Oxford Instruments magnet and a Nicolet
1280 computer. NMR measurements were made on 400 L
of solution containing 380 uM d(C,T,C;) and 760 uM d-
(G3A,G3) in aqueous phosphate buffer [15 mM sodium
phosphate (pH 7.2), 10% D,0/90% H,0]. Aliquots of 0.5
M MgCl, were added to a final concentration of 14 mM, and
the imino proton spectrum was acquired after each addition.
The 1331 solvent suppression pulse sequence (Hore, 1983) was
used to acquire the spectra, with the carrier frequency set at
the H,O resonance. The pulse repetition time was 3 s and the
interval delay was 96 us. The temperature was fixed at 35
°C.

Helix-Coil Transitions. The UV absorbance of solutions
containing 10 mM sodium cacodylate (pH 7.3), 50 mM
MgCl,, 0.1 mM EDTA, and either 1-25 uM duplex or 1-100
uM triplex was measured once per minute at 260 nm (duplex)
or 280 nm (triplex) on a Gilford 2600 spectrophotometer,
interfaced to an Optima Systems AT-10 computer for data
collection and analysis. All DNA solutions were preheated
at 80 °C for 5 min and slowly cooled prior to UV analysis.
The temperature was increased at a rate of 0.25 °C/min with
a Gilford 2527 thermoprogrammer, and the total run time was
340 min. The cell path length was 1 cm for duplex or triplex
concentrations of up to 7.5 uM and 0.1 cm for solutions
containing higher concentrations. First derivatives were
calculated over a window of £2.5 °C.

Thermodynamic Analysis. The monophasic helix—coil
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FIGURE 1: Photographs of a UV-shadowed (A) or EtdBr-stained (B)
15% polyacrylamide gel containing 90 mM TB (pH 8.0), 50 mM
MgCl,, and differing stoichiometric ratios of d(G3A4G3)(Pur) to
d(C,T,C,) (Pyr). Lanes A-G contain 100 uM d(G3A,G3) and 0, 25,
50, 75, 100, 200, and 350 uM d(C,T,C,), respectively. Lane H
contains 250 uM d(C,T,C,) alone. DNA samples were loaded in 90
mM TB (pH 7.8), 50 mM MgCl,, and 5% Ficoll and electrophoresed
at 4 °C. Triplex refers to d(C;T,C;)-2[d(G3A,G;)] and duplex refers
to d(C3T,C;)-d(G3A,G3).

transition of the d(C;T,4C;)-2[d(G3A4G,)] triplex corresponds
to the equilibrium reaction:

d(C3T4C4)-2[d(G3A,G3)] <> d(C3T4Cy) + 2[d(G;3A,G3)]
The equilibrium constant for this reaction may be written as

e e
4C,, (1 - 6)?

where 6 is the fraction of d(C,T,C,) strands in the triplex form
and C,,, is the concentration of d(C,T,C;) strands. Using a
derivation similar to that reported by Gralla and Crothers
(1973), we determined the value for 8 at which the d(A4)/d-
(1/T) vs T curves reach their maxima (7 = T,,,) to be 0.366.
According to the method we have previously reported (Pilch
et al., 1990b), the variation of Ty, with pyrimidine strand
concentration can be written as
1 23R , , AS° +2.03

T~ aH° 8 Cor Y T

If the changes in the standard enthalpy (AH®) and standard
entropy (AS°) are assumed to be temperature-independent,
they can be determined from plots of 1/T,,, vs log C,’
(Albergo et al., 1981; Pilch et al., 1990b). All 1/T,,, vs log
(concentration) data were analyzed by linear regression. The
standard free energy changes (AG®) of triplex formation, as
well as all the thermodynamic parameters for duplex forma-
tion, were determined as previously reported (Pilch et al.,
1990b).

RESULTS AND DISCUSSION

PAGE Retardation Assay. The appropriate stoichiometries
associated with the interactions of single-stranded nucleic acids
are often determined from UV mixing curves (Felsenfeld et
al., 1957; Riley et al., 1966; Broitman et al., 1987; Pilch et
al., 1990a,b). A second technique by which these stoichiom-
etries, as well as the number of existing structural species, can
be determined is a PAGE retardation assay, in which mixtures
containing different stoichiometric ratios of strands are elec-
trophoretically separated. The electrophoretic migration
patterns of solutions containing differing stoichiometric ratios
of d(G3A4G;) to d(C,T,C,y) in a Mg?*-containing gel are
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shown in Figure 1. At d(G3A4G;):d(C;T,C;) ratios of 4:1,
2:1, and 1.3:1 (Figure 1A, lanes B, C, and D, respectively),
a band is present that migrates more slowly than any other
on the gel. This band corresponds to the d(C,T,C,)-2[d-
(G3A4G3)] triplex. The other bands in lanes B and D reflect
single-stranded d(G;A,G;) and the d(C;T,C;)-d(G3A4G3)
duplex, respectively. Only a single band, corresponding to the
duplex, is present at a 1:1 d(G;A4G;):d(C;T4C;) ratio (Figure
1A, lane E), while two bands, reflecting the duplex and sin-
gle-stranded d(C;T,C,), are present at d(G;A4G4):d(C;T,Cs)
ratios of 1:2 and 1:3.5 (Figure 1A, lanes F and G, respectively).
Hence, the number and types of species present in solution over
the entire range of d(G3;A4G;):d(C;T4C;) ratios may be sum-
marized as follows: First, mixtures of triplex and single-
stranded d(G3;A,G3) are present at ratios in excess of 2:1.
Second, mixtures of triplex and duplex are present between
ratios of 2:1 and 1:1. Third, mixtures of duplex and single-
stranded d(C;T,C;) are present at ratios in which the d-
(C3T4C;) concentration exceeds that of d(G;A,G;). UV
mixing curves, measured at 225 nm, show slope changes at
d(G3A,G;):d(C;T,C,) ratios of 2:1 and 1:1 (data not shown),
thus corroborating the stoichiometry of strands in the triplex
observed in the gel retardation analysis.

The retarded gel mobility of the triplex relative to the duplex
or either single strand is consistent with the triplex having a
higher molecular weight yet similar charge density than these
other species and has been observed by others (Cooney et al.,
1988; Shea et al., 1990). By similar reasoning, one would
expect the gel mobility of the duplex to be retarded relative
to either single strand. However, only the d(C,T4C;) strand
migrates more rapidly than the duplex, while the d(G;A,G3)
strand comigrates with the duplex (Figure 1A, compare lanes
A, E, and H). At strand concentrations of up to 100 uM,
control thermal denaturation and UV absorption spectroscopy
experiments provide little or no evidence that d(G;A,G;)
self-associates or aggregates in the presence of 50 mM MgCl,.
The anomalously slow migration of the d(G;A4G;) strand is
therefore not likely to be a result of either of these two pro-
cesses. A variation in the coiled structure induced by the Mg?*
cations or a reduced negative charge density, resulting from
d(G;A,G;) binding more Mg?* ions than d(C,;T,C;), may
account, in part, for this unusually slow migration. Ata 1:2
d(G;3A4G;):d(C;T,4C,) ratio, there is no evidence of a band that
migrates more slowly than that corresponding to the duplex
(Figure 1A, compare lanes E and F). The d(C*,T,C*3)-d-
(G3A4G;)-d(C,T,C5) triplex is therefore not formed under the
gel conditions used in this study (50 mM MgCl,, pH 8.0).
This result is not surprising, since formation of this triplex
would require protonation of the third-strand cytosine residues
and thus an acidic pH.

The gel pictured in Figure 1A is also shown in Figure 1B
after being stained with EtdBr. Only the bands corresponding
to the duplex and triplex are stained by the EtdBr, suggesting
that ethidium bromide binds to both the duplex and triplex
forms. Scaria and Shafer (1991) have recently demonstrated
that EtdBr binds to the poly(dA)-2[poly(dT)] triplex through
intercalation. The results from Figure 1B indicate that the
binding of EtdBr to triple-helical DNA may extend to short
oligonucleotides of differing sequence and third strands con-
sisting of homopurine residues. Since EtdBr does not stain
single-stranded DNA, this technique provides additional
support as to which bands in Figure 1A reflect single-stranded
species.

Imino Proton NMR. Recent NMR studies (Rajagopal &
Feigon, 1989; Santos et al., 1989; Pilch et al., 1990a; Umemoto
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FIGURE 2: C-G-G (top) and T-A-A (bottom) base triplets containing
both Watson-Crick- (hatched lines) and purine—purine-type (filled
circles) hydrogen bonds as discussed in the text.

et al., 1990) have demonstrated the presence and structural
characteristics of T:A-T and C*.G-C base triplets in pyr-
pur-pyr triple-helical systems. Figure 2 shows a possible model
for the C.G.G and T-A-A base triplets of the d(C,T,C;):2-
[d(G3A4G,)] triplex. The model for the C.G-G triplet pos-
tulates that one of the two hydrogen bonds in the G-G base
pair is between the NH1 imino proton of the third-strand
guanine residue and the N7 atom of the guanine residue on
the purine strand of the underlying duplex. Upon formation
of this hydrogen bond, the exchange of the imino proton with
the solvent should sufficiently decrease so as to allow an ob-
servable resonance line to arise. Figure 3 shows the imino
proton NMR spectra of a solution containing a 2:1 stoichio-
metric ratio of d(G3;A,G;) to d(C,;T4C;) in the absence (A)
and presence (B) of 14 mM MgCl, at pH 7.2 and a tem-
perature of 35 °C. In the absence of any MgCl,, the imino
proton spectrum (Figure 3A) is identical with that for the
d(C;T4C;)-d(G3A4G3) duplex under identical conditions (data
not shown). The second equivalent of the d(G;A,G;) strand
is therefore present in an unassociated single-stranded form
under these conditions. Upon addition of MgCl, to a final
concentration of 14 mM, new imino proton resonances arise
(Figure 3B), which likely correspond to formation of the G-G
hydrogen bonds discussed above and suggest stabilization of
the triplex structure. Since adenine bases do not have imino
protons at neutral pH, none of the new imino proton resonances
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FIGURE 3: Imino proton NMR spectra of a solution containing a 2:1
stoichiometric ratio of d(G;A4G3) to d(C;T,C;) and either 0 (A) or
14 mM (B) MgCl,. Experiments were carried out in 15 mM sodium
phosphate (pH 7.2) plus 10% D,0/90% H,O at 35 °C.
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FIGURE 4: Helix—coil transitions and first-derivative plots for four
different concentrations of the d(C;T,C;)-d(G3A,G;) duplex (panels
A and C, respectively) and the d(C;T,C3)-2[d(G3A4G;)] triplex (panels
B and D, respectively). The helix (either duplex or triplex) con-
centrations are 2.5 (solid line), 5.0 (dashed—double dot line), 15 (dashed
line), and 25 M (dotted line). Raw absorbances were normalized
by the following relation: normalized absorbance = (4 - Ainicat) | (Afinal
— Apniar), Where 4 = absorbance. All thermal denaturation experiments
were conducted in 10 mM sodium cacodylate (pH 7.3), 50 mM MgCl,,
and 0.1 mM EDTA.

reflect A-A interactions. However, changes that arise in the
amino proton region (6—10 ppm) of the NMR spectrum upon
addition of MgCl, (data not shown) may correspond to for-
mation of the A-A base pairs, as modeled in Figure 2.
Helix-Coil Transitions. Thermal denaturation profiles of
both the d(C,T4C;)-d(G3;A,G3) duplex and the d(C,T,C,;)-2-
[(G3A4G,)] triplex were determined spectrophotometrically
at 260 and 280 nm, respectively, in 50 mM MgCl,, pH 7.3.
The helix—coil transitions at differing DNA concentrations and
their first derivatives with respect to reciprocal temperature
are shown in Figure 4, panels A and C, for the duplex and in
Figure 4, panels B and D, for the triplex. For both structures,
the helix—coil transitions are monophasic, reflecting duplex
<> coil (Figure 4A) and triplex < coil (Figure 4B) equilibria.
The monophasic nature of the thermal denaturation profile
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Table I: Thermodynamic Parameters for Formation of the
d(C;T‘Cg)-Z[d(G3A‘Gg)] Triplcx and the d(c;T‘Cg)'d(G3A‘Gg)
Duplex®

Tmax AH®
structure (°C)? (kcal/mol)*/ AS® (eu)/ (kcal/mol)*/

duplex’ 52010 -71.6£9.7 -198+£30 -12.6+0.7
triplex* 540+ 1.0 -1525£65 -424+20 -260%£0.5

?Data were obtained in 10 mM sodium cacodylate, 50 mM MgCl,,
and 0.1 mM EDTA at pH 7.3. °The reaction is d(C,T,C;) + d-
(GgA4Gg) i d(C3T4C3)‘d(G3A4G3). ¢The reaction is d(C3T4C3) +
2[d(G3A4G;)] — d(C3T,C3)2[d(G3A4G3)]. 9 Tmax at a pyrimidine
strand concentration of 15 uM. *mol refers to mole of structure
formed (duplex or triplex). /Errors reflect the magnitudes of the 95%
confidence limits from linear regression analyses. 8 AG®,s refers to the
standard free energy change at 25 °C,

AG® ¢

observed for the d(C,T4C;)-2[d(G;3A4G4)] triplex is in marked
contrast to that previously determined for the d-
(C*;T,C*,)d(G;A,G;)d(C,T,C;) triplex under identical
conditions with the exception of pH (Pilch et al., 1990b). The
melting profile of this latter triplex was biphasic in nature,
with the first (lower temperature) phase corresponding to the
dissociation of the third strand and the second (higher tem-
perature) phase reflecting the denaturation of the remaining
duplex.

In the first-derivative plots of the melting profiles for both
the duplex (Figure 4C) and the triplex (Figure 4D), Ty,
increases with increasing DNA concentration, indicating that
these processes are at least bimolecular in nature. In addition,
depending on the DNA concentration, the T, values for the
triplex—coil transitions are 1-3 °C higher than those for the
duplex~coil transitions under identical conditions (compare
panels C and D of Figure 4 and see Table I). Hence, binding
of the third strand appears to enhance the thermal stability
of the duplex. Fiber diffraction (Arnott & Selsing, 1974;
Arnott et al., 1974, 1976) and, more recently, NMR (Raja-
gopal & Feigon, 1989; Santos et al., 1989) studies have shown
that the duplex undergoes significant structural changes when
bound by the third strand. These changes may contribute to
the observed increase in duplex stability.

An important difference between the thermal denaturation
data for the d(C,;T,C,)-2{d(G3A,G;)] triplex presented in this
study and those previously determined for the d-
(C*T,C*3)-d(G3A,G3)-d(C5T,C;) triplex (Pilch et al., 1990b)
can be found in the stability of the third strand. Under con-
ditions differing only with respect to pH (7.3 in this study vs
5.5) and at equivalent DNA concentrations, the T,,, values
of the triplex—coil transitions shown in Figure 4D are ap-
proximately 30 °C higher than those of the lower temperature
phases of the biphasic melting profiles for the d-
(C+3T4C+3)'d(G3A4G3)‘d(C3T4C3) triplex. The d(C3T4C3)'
2[d(G3A4G;)] triplex is therefore remarkably more stable than
the d(C*T,C*,)-d(G3A,G;)-d(C,T,C,) triplex. Furthermore,
unlike the requirements for stabilization of the d-
(C*,T,C*;)d(G3A,G;)-d(C,T4C;) triplex, formation of the
d(C,T,C;)2{d(G;A,G,)] triplex does not require an acidic pH
and will thus readily occur at physiologically relevant values
of pH. These two key dissimilarities suggest that pur-pur-pyr
triplexes may be better choices than the corresponding pyr-
pur-pyr triplexes for use as sequence-specific artificial nucleases
and regulators of gene expression in vitro and in vivo. A caveat
to this approach lies in the limited number sequences capable
of forming pur-pur-pyr triplexes. We have never been able
to find solution conditions under which formation of the d-
(T)¢2[d(A) 0] triplex would occur (data not shown). The
findings of Broitman et al. (1987), which demonstrate that
only poly(A) strands between 28 and 150 bases in length will
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FIGURE 5: Plots of 1/ T, vs log C,, (upper abscissa) and 1/ T,

vs log C,,,% (lower abscissa) for the d(C;T,C;)-d(G;A,G;) duplex (®)

and the l:'j'EC3T4C3)-2[d(G3A4G3)] triplex (A), respectively. C, is the

total concentration of all strands and C, is the concentration of the

d(C,;T,C,) strands. K refers to degrees kelvin. See Materials and
Methods for the definition of T,

form the poly(A:A.U) triplex, would predict this negative
result. Hence, the presence of guanine residues appears to be
crucial for stabilization of short pur-pur-pyr triplexes. The
dependence of the stability of short pur-pur-pyr triplexes on
overall composition and sequence with respect to guanine
residues remains to be determined.

Thermodynamic Analysis. Plots of 1/ T, vs log C,, and
1/Tpax vs log Cp,* are shown in Figure 5 for the d-
(C3T4C3)'d(G3A4G3) duplex—coil and the d(C3T4C3)'2 [d'
(G3A4G3)] triplex—coil transitions, respectively. All the ex-
periments were conducted under identical solution conditions.
The helix—coil transitions of both the duplex and the triplex
have 1/T ., values that decrease linearly with increasing log
Cix and log C,,%, respectively. In addition to confirming that
these transitions are at least bimolecular in nature, this linear
correlation is consistent with duplex and triplex dissociation
occurring as all-or-none processes. Table I summarizes the
thermodynamic parameters derived from the plots in Figure
5 as described under Materials and Methods. In this table,
the values of AG®, AH®, and AS® refer to formation of a
duplex or triplex from separated single strands.

The enthalpy, entropy, and free energy changes for for-
mation of the d(C,T,C,)-d(G;A,G3) duplex shown in Table
I are very close to those previously determined for this duplex
under identical solution conditions except for a pH of 5.5 (Pilch
et al.,, 1990b). Therefore, a pH change from 5.5 to 7.3 has
little or no effect on the stability of the duplex. Since the
thermodynamics of d(C,T,C;)-2[d(G;A4G,)] triplex formation
in 50 mM MgCl, at pH 5.5 has not as yet been evaluated, the
effect, if any, of such a pH change on the stability of this
triplex is unknown. However, PAGE analysis in 50 mM
MgCl, at pH 5.5 demonstrates formation of this structure
under these conditions (data not shown).

The enthalpy, entropy, and free energy changes for for-
mation of the d(C,T,C,;)-2[d(G3A,G;)] triplex are approxi-
mately twice those for formation of the corresponding duplex.
An estimate of the free energy change for formation of the
pur-pur base pairs alone may be obtained from

AAG,s = [AG,s(triplex) — AG,s(duplex)]

The free energy change derived in this way can only be con-
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A B C

Pyr:Puri:Pur2 1:1:0 1:2:0 114

— Triplex

Duplex

FIGURE 6: Photograph of an EtdBr-stained polyacrylamide gel con-
taining molar ratios of either 1Pyr:1Purl (lane A), 1Pyr:2Purl (lane
B), or 1Pyr:1Purl:1Pur (lane C). Lanes A, B, and C contain 19,
38, and 19 uM Purl, respectively, and 19 uM Pyr. Lane C also
contains 19 uM Pur2. Experimental conditions were identical with
those described in the legend of Figure 1. Duplex refers to Pyr-Purl
and triplex refers to Pyr-Purl-Pur2. See text for the exact sequences
of the oligomers.

sidered an estimate, since the structure and stability of the
duplex appear to differ when it is free or bound by a third
strand. The difference between the AAG,; for formation of
the pur-pur base pairs (—13.4 & 1.2 kcal/mol of triplex) and
the AG,s for formation of the W-C base pairs (-12.6 £ 0.7
kcal/mol of duplex) is within the experimental error. Hence,
under these conditions, the collective stabilities of the pur-pur
base pairs in this sequence are very similar to those of the W-C
base pairs. This similarity is in marked contrast to the results
we previously reported for the d(C*3T,C*;)-d(G;A,G,)-d-
(C3T4C;) triplex in 50 mM MgCl, at pH 5.5, where the
Hoogsteen base pairs had only half the stability (—6.4 kcal /mol
of triplex) of their W-C counterparts (~12.8 kcal/mol of du-
plex). Although the pH values differed in the two studies, this
result strongly suggests that, under identical solution condi-
tions, pur-pur-pyr triplexes are significantly more stable
structures than pyr-pur-pyr triplexes identical in sequence with
respect to their W-C base-paired portions. The greater sta-
bility of pur-pur-pyr relative to pyr-pur-pyr triplexes may prove
advantageous in oligonucleotide targeting of duplex DNA. It
should be noted, however, that different concentrations and /or
other types of cations, such as Na* and spermine**, can greatly
enhance the stability of pyr-pur-pyr triplexes, so as to yield
monophasic triplex-to-coil melting behavior as well (data not
shown),

Orientation of the Third Strand in a Pur-Pur-Pyr Triplex.
Hogan and co-workers have recently reported on two different
triplexes in which the third strands consisted of predominantly
purine bases (Cooney et al., 1988; Durland et al., 1990). In
one case the third strand was synthesized parallel to the purine
strand of the duplex, while in the other case it was designed
to be antiparallel. In an effort to resolve this issue of orien-
tation, we synthesized an asymmetric homopyrimidine decamer
(Pyr), its W-C homopurine complement (Purl), and a second
homopurine strand antiparallel to the first one (Pur2). The
electrophoretic migration patterns of mixtures containing
stoichiometric ratios of either 1Pyr:1Purl (lane A),
1Pyr:2Purl (lane B), or 1Pyr:1Purl:1Pur2 (lane C) are shown
in Figure 6. This gel was stained with EtdBr; thus bands
corresponding to single-stranded species do not appear. At
a ratio of either 1Pyr:1Purl or 1Pyr:2Purl (lanes A and B,
respectively), only a single band is present, which corresponds
to the Pyr-Purl duplex. Therefore, triplex formation does not
occur when a 1:2 ratio of Pyr to Purl is present. In contrast,
at a 1Pyr:1Purl:1Pur2 ratio (lane C), a single more slowly
migrating band is present, which corresponds to the Pyr-
Purl-Pur2 triplex. The orientations of all the strands in this
triplex may therefore be schematically represented as
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5'- AAGGAGAGGG - 3’ (Pur2)
EERRERERN

3. AAGGAGAGGG - ' (Purl)
NERERRERN

5_TTCCTCTCCC-3  (Pyr)

In general, this result indicates that the third strands of
pur-pur-pyr triplexes, including the symmetric d(C;T,C,)-2-
[d(G;A4G3)] triplex discussed above, are antiparallel to the
purine strands of the underlying duplexes. It is interesting to
note that although equivalent with respect to Pyr concentra-
tion, the triplex in lane C was stained by EtdBr to a much
lesser degree than the duplex (lanes A and B). EtdBr may
therefore have a lower affinity for this particular triplex relative
to the corresponding duplex.

SUMMARY

In this work we have demonstrated that the d(C;T,C;)-2-
[d(G;A,G5)] triplex is stabilized by Mg?* ions at neutral pH.
The third strand [or second d(G;A4G,) strand] interacts with
the d(G;A,G;) strand of the underlying duplex via novel hy-
drogen bonds, of which those likely involving guanine imino
protons can be observed by 'H NMR techniques. For pur-
pur-pyr triplexes in general, the orientation of the third strand
is antiparallel to the purine strand of the duplex and can be
easily verified by PAGE methodologies. Under the conditions
used in this study, the triplex dissociates to single strands in
one step when heated. The overall stability of the pur-pur base
pairs is approximately equal to that of the W-C base pairs of
the duplex. Furthermore, the stability of the third strand is
roughly twice that of the third strand in the d(C*,T,C*;)-d-
(G3A,G;)-d(C4T,C,) triplex (Pilch et al., 1990b), under so-
lution conditions differing only with respect to pH (7.3 vs 5.5).
The enhanced stability relative to pyr-pur-pyr triplexes, coupled
with the lack of a requirement for acidic pH, make pur-pur-pyr
triplexes appealing choices for use as sequence-specific artificial
nucleases and/or regulators of gene expression in vitro and
in vivo.

ADDED IN PROOF

Recent reports on formation of an intermolecular pur-
pur-pyr triplex (Beal & Dervan, 1991) and a pur-pur-pyr
triplex from a single strand (Chen, 1991) have appeared. Both
reports indicate a third-strand orientation, which is consistent
with the result presented here.
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