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Triple-helical nucleic acids have provided interesting models
for alternative DNA structures and base-pair hydrogen bonding.!-3
The H-DNA triplex observed in natural DNA sequences has
raised the possibility that triplexes may serve a role in gene
expression.+$ Investigations of nucleic acid triplexes have also
been stimulated by potential applications as highly specific
nucleases,” and as agents for control of gene expression, through
binding of either a single strand to duplex DNA (the antigene
concept)28? or two strands to RNA (an extension of antisense
applications).!%-14 Rational application of triplexes in recognition
and therapeutic strategies requires thermodynamic parameters
for triplex formation;2!4 however, the effects of sequence and
T-A-T or C-G-C content on triplex stability and thermodynamics
remain to be defined.!516

Experimental enthalpies for formation of DNA triplexes from
duplexes and single strands range from approximately -2 to -7
kcal/(mol of base).!”-22 This variation in enthalpy parameters
may have arisen because partial protonation of C:G-C triplets
makes the observed thermodynamic parameters dependent on
the buffer species as well as the pH. The AH; (ionization) of the
buffer and the pH used in the experiments influence the observed
triplex thermodynamic parameters. Although the effects of pH
have been recognized, the influence of buffer species has not been
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Figurel. Absorbance (280nm) vstemperature for 1:2 mixtures of purine
(2 X 105 M) and pyrimidine oligomers (prepared as described??) in a
0.01 M PIPES buffer (pH 7.0) containing 0.001 M EDTA and 0.2 M
NaCl: (0) dAjg and dTyg; (@) d(AAAAGAAAAGAAAAGAAAA)
{d[(A4G)3A4)} and d(TTTTCTTTTCTTITTICTTTT) {d[(T4C)sT4l}.
Inset: Ty vs pH for 1:2 mixtures of d[A4G)3A3] with d[(T4C);T4] in
phosphate buffer with 0.2 M NaCl: (@) duplex (second transition) and
(@) triplex (first transition).

systematically investigated. In this communication, we present
results for triplex formation over an extended range of sait
concentration, pH values, and buffer types. We compare
isothermal titration calorimetric measurements and UV analysis
of melting for dT,o-d A o-d Ty with those for a corresponding 19mer
withthreeseparated C-G-Ctriplets: d[(T4C);T,]-d[(A4G):A4)-d-
[(T4C)3;Ts]. These sequences are long enough to form stable
triplexes and to minimize end effects, and each C or G base has
the same flanking sequence in both the 5 and 3/ directions.
In melting experiments, both sets of oligomers have two clearly
resolved transitions,2? one for the duplex (higher T,,) and one for
the triplex (lower Ty,) (Figure 1). A striking observation from
Figure 1 is the marked increase in stability of the triplex, even
at pH 7, caused by exchange of only three T-A-T for C-G-C
triplets. A possible explanation for this result is that dA.dT
sequences have an unusual conformation and hyration,2+-2” and
disrupting the dA,9-d T structure may require significant Gibbs
energy in agreement with the inverse correlation between triplex
and duplex stability observed by Roberts and Crothers.2®
Melting experiments were also conducted at 0.01 M < [Nat]
<1.0M,and T,,,vslog [Na*] plotare linear (not shown). Similar
slopes are found for the duplexes, but the slope for the pure T-A-T
triplex is significantly larger than for the triplex with three
C:.G:C.2® In addition, the stability of the d[(T4C);T4)-d-
[(A4G)3A)-d[(T4C);T4] triplex increases markedly as pH de-
creases from 8 to 6, whereas the T, of the duplex is constant over
this pH range (Figure 1, inset). These observationslead toseveral
conclusions: C’s in the third strand of d[(T4C);T4]-d[(A4G):A4]-d-
[(T4C)sT,) are partially protonated at pH 7; protonation stabilizes
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Figure 2. Isothermal calorimetrictitrationcurvesat21 °Cford[(T4C)sTs)
into d[A4G)3A3] in various buffers and pH's with 1.0 M added NaCl:
(a) TES, (0) PIPES, (O) phosphate (pH 7.0), and (W) phosphate (pH
6.0). Each data point represents the AH/(mol of pyrimidine) (10-uL
injections, [base] = 0.625 mM) added into the purine strand (volume =
1.385 mL, [base] = 0.0183 mM). Inset: Calorimetric titrations of (O)
d[(T4C)3T;] intod[A4G);3A3]) and (@) dTgintodA 9 intodA;oin PIPES.

C-G-C-containing triplexes; and protonated C-G-C triplets lower
the triplex charge density.

From titration calorimetric curves’® for d[(A4G);A4] with
d[(T«C);T,4] in three different buffers (Figure 2) it can be seen
that the model-independent calorimetric AH for duplex formation
(plateau between O and 1 ratio) is independent of buffer, whereas
that for triplex formation (plateau between 1 and 2 ratio) depends
strongly on buffer species. The calorimetric AH's for triplex
formation at pH 7 are approximately (per base triplet) -2.9 kcal/
mol in TES, -3.4 kcal/mol in PIPES, and —4.2 kcal/mol in
H,PO4~. Also shown in Figure 2 is the titration curve at pH 6,
in which the plateau for triplex formation is at a lower AH than
at pH 7. These results demonstrate both the buffer and pH
dependence of the observed AH for triplex formation. A complete
analysis of the thermodynamics of these systems at a range of
concentrations is in progress. The value for duplex formation for
the G-C-containing strands is less negative than for the pure A-T
strands (Figure 2, inset) as predicted by the data base of Breslauer
et al.;3! however, the value for triplex formation is less negative
for the pure T-A-T triplex.2# Unlike the results with the mixed
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sequence, the Ty, values and calorimetric AH for triplex formation
from the AT duplex are independent of pH and buffer species
(not shown).

The results presented here emphasize that AH values for triplex
formation from strands with cytosine, derived from plots in Figure
2,as well asthose generally reported in the literature, are apparent
thermodynamic values. The observed reaction for triplex forma-
tion can be represented as D + S + nBH* — T(#nH*) + #B; where
D, S, T, and B are duplex, free strand, triplex, and buffer,
respectively. The value of n is related to the difference in pK,
between the C bases in the single strand and the triplex, and to
thepH.* Dissecting this reaction into proton transfer and binding
steps yields

nBH* < nB + nH*: nAH, 1
S+ nH" = S(nHY): nAH ¢ )
S(nH*) + D e T(sH"): AH, 3)

The apparent AH for the overall reaction of any pH can be
expressed as AH,,, = nAH; + nAH,c + AHr, which includes a
direct contribution from the buffer. A plot of AH,, from triplex
formation at constant pH vs AH;% is linear with a slope equal
to n. Our data yields n in the range 2-2.5 at pH 7 for
d[(T4C)3T4)-d[(A4G)3A4)-d[(T4C)3T4), which indicates that the
pK, for CH* is between 7 and 7.5 (relative to the pK, in single
strands of approximately 4.73%), in good agreement with the
observed changes of T, with pH.

The results presented here indicate that some of the controversy
over thermodynamic parameters of triplex formation may be due
to variations in buffer species as well as pH and base sequence
used by different workers. Careful consideration must be given
in the future to the influence of buffer type as well as pH on the
AH and T, for triplex formation with strands that have cytosine
bases. The same requirement holds for any DNA or RNA
complex that involves protonation of a base.
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