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The formation of triplexes, by the specificity of a third
oligonucleotide strand to its cognate nucleic acid duplex through
the formation of Hoogsteen hydrogen bonds, has been proposed
as an approach to the control of gene expression, genome
mapping, and therapeutic applications,! Therefore, it is of
considerable importance to determine the overall physical—
chemical properties of triplexes including structure, energetics,
and interaction with small molecules,

In the formation of a pyrimidine—purine—pyrimidine triplex,
the contribution of hydrophobic interactions has been illustrated
by the observed increase in the thermodynamic stability of
triplexes containing 5’-methyl cytosine in the third strand instead
of cytosine’™* as well as in NMR results that indicated a
structural hydration around these atomic groups.® The contribu-
tion of hydrophobic interactions should be more pronounced
in the case of triplexes with exclusively dT*dA-dT base triplets,
in which both thymine methyl groups are aligned in the same
groove and exposed to the solvent (see Figure 1).

We used a combination of spectroscopic and high-sensitivity
calorimetric techniques to investigate (i) the order—disorder
transition of two DNA oligomers, d(A;CsT;CsT7) (triplex) and
d(A3CsT7CsA4) (duplex), designed to form intramolecular
double hairpins in the triplex®~# and duplex conformation that
resemble the proposed and unusual structures that homopurine—
homopyrimidine sequences may adopt in vive,® and (ii) their
interaction with the minor groove ligand netropsin. Each double
hairpin melts in monophasic transitions with transition temper-
atures that are independent of strand concentration, The triplex
transition enthalpies, AH.,, decreased with increasing salt
concentration, yielding an apparent heat capacity effect that may
be the result of removal of electrostricted water molecules and
the formation at high salt concentration of a triplex structure
with better defined grooves. Circular dichroism (CD) and
isothermal titration calorimetry (ITC) titrations yielded netrop-
sin—DNA stoichiometries of 2;1 (triplex) and 1:1 (duplex);
binding of the first netropsin is accompanied by binding
affinities, Ky, of ~10° (triplex) and ~107 (duplex) and low
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Figure 1. Sequences and schematics of hairpins. The structure of a
T*A*T base triplet, with the thymine methyl groups in boldface, is
shown on the right.

binding heats, AH,, of —2 and —6 kcal/mol, respectively.
However, the association of the second netropsin to the triplex
is accompanied by a Kj, of 10° and a high AH, of —12 kcal/
mol. Our combined thermodynamic results suggest the forma-
tion of a hydrophobic groove in this triplex by the spine of
thymine methyl groups, that provides an additional binding site
for the minor-groove ligand netropsin,

The oligomer sequences d(A7CsT7CsT7) and d(A4CsT+CsA3)
were synthesized by phosphoramidite chemistry, purified by
HPLC, and desalted on a Sephadex G-10 column. The order—
disorder transition of each oligomer was characterized by
following the changes in absorbance (ultraviolet (UV) melts)
and excess heat capacity (differential scanning calorimetry
(DSC) melts) as a function of temperature. Relative to the
duplex, the triplex optical melt at 260 nm shows a 4% higher
hypochromicity that corresponds to the additional stacking
contribution of dA*dT Hoogsteen base-pairs,'? and its circular
dichroism spectrum shows a 70% reduction in the molar
ellipticity value at 220 nm, consistent with the formation of a
triplex.'!

Figure 2a shows typical DSC melting curves, For each
double hairpin and in the range 0.02—1.1 M NaCl, we obtained
melting curves that are monophasic with transition temperatures
independent of strand concentration, confirming the exclusive
formation of intramolecular species. This melting behavior is
expected for the control duplex; however, for the triplex it
indicates a simultaneous and coupled disruption of both Hoogs-
teen and Watson—Crick base-pair stacking interactions, Table
1 summarizes the thermodynamic results at 5 °C for the
formation of each double hairpin; at each salt concentration their
formation results from the characteristic partial enthalpy—
entropy compensation. In 1.1 M NaCl, the AH,, for the triplex
is 26.2 kcal more exothermic than that of the duplex and
corresponds to the formation of Hoogsteen base pairing and
extra base stacking interactions. If all seven base triplets are
formed, then we estimate an average value of —3.7 kcal/mol
for the formation of a Hoogsteen dA*dT base pair, in agreement
with previously reported values ranging from —2,4 to —3.7 kcal/
mol.""'2 In addition, the triplex has a higher uptake of
counterions (0,05 mol of Na*/(mol of P;)), consistent with its
higher charge density, The most interesting observation is that
the triplex AH., becomes less favorable with an increase in
salt concentration, contrary to what is commonly observed in
DNA duplexes containing exclusively dA-dT base pairs.'!!? This
effect indirectly yields an apparent heat capacity, ACp, of +680
cal K7'/(mol of triplex) and suggests that there is further
exposure of hydrophobic groups at the higher salt concentration,
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Figure 2. (a) DSC curves of 0.15 mM triplex, measured with a
Microcal MC-2 calorimeter (Northampton, MA), in 10 mM NaP; buffer,
0.1 mM Na,;EDTA at pH 7.0 and NaCl concentration (from left to right)
of 16 mM, 0.11 M, and 1.1 M. Analysis of these curves, using
procedures reported previously,'*'* yielded T,,'s and standard thermo-
dynamic profiles for the helix-coil transition of each oligomer. (b) UV
differential melting curves: monophasic curve (free triplex) and biphasic
curve (2:1 netropsin—triplex complex), measured at 260 nm and a
heating rate of 1.0 °C/min with a thermoelectrically controlled Perkin-
Elmer 552 spectrophotometer and interfaced to a PC-XT computer for
data acquisition, in the same buffer at 0.6 M NaCl and oligomer
concentration of 2.4 4M in strands.

o

Table 1. Thermodynamic Profiles for the Formation of Double
Hairpins at 5 °C*

Anna+
NaCl] Tn AG%a  AHw  TASa dTwdlog (mol of
mM  (°C) (kcal/mol) (kcal/mol) (kcal/mol) (Na*](K) Na*/mol)

Triplex
16 245 —6.0 -92.0 —86.0 13.8 3.38
107 333 =75 —80.9 —73.8 13.8 3.19
1100 524 -105 -719 -614 19.3 2.81
Duplex
1100 359 —4.6 —45.7 —41.1 11.8 0.97

@ The Ty's are within £0.5 °C, and AG® values are within 5%; AH
(£3%), TAS (£8%), and Anna+ (£5.0%). The uptake of counterions,
Any,+, was calculated from the equation: d7./d In [Na*] = 0.9(RT,%
AI{L:&;I)A”Na*'-H'14

Furthermore, as the increase in salt concentration shifts the
triplex transition to higher temperatures, there is partial com-
pensation of the unfavorable enthalpy difference with a favorable
differential entropy and a marginal differential counterion uptake
(—0,6 mol of Na*/(mol of triplex)). Such compensation is
characteristic of processes where changes in the overall hydra-
tion state take place,'*'> If we assume similar random coil
states, then at low salt concentration, the triplex structure must
be stabilized additionally by immobilization of electrostricted
water molecules. The increase in salt concentration would tend
to reduce the repulsive electrostatic interactions by screening
of the negatively charged phosphate groups, yielding a net
reduction of the electrostriction of water molecules and optimiz-
ing base-pair stacking and hydrogen-bonding interactions, At
high salt concentration, the triplex structure has better defined
grooves such as the hydrophobic spine of thymine methyl groups
in the Hoogsteen—Watson groove of the triplex.’ In this salt
range, we estimate a removal of ~82 electrostricted water
molecules per triplex from the positive differential compensation
of 24,6 kcal/mol,'6!7
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We used the interaction of the minor groove ligand netropsin,
which binds to DNA in the “B” conformation with high
specificity for dA+dT base pairs'®'® to probe the triplex grooves
thermodynamically. The netropsin interaction to each double.
hairpin is investigated by using CD spectroscopy, melting, and
ITC techniques. CD show stoichiometries of 2:1 for the
netropsin—triplex complex and 1:1 for the netropsin—duplex
complex, The binding of the second netropsin is accompanied
by only a 15% change in the induced CD signal of the first
ligand, indicating binding of the ligand to a different environ-
ment,

The UV melt of the 2:1 netropsin—triplex complex is biphasic
(Figure 2b). The first transition has a lower Ti, than that of the
unligated triplex, while the second transition has a higher T,
The first transition corresponds to the melting of the 2:1
netropsin—triplex to 1;1 netropsin—duplex accompanied by the
dissociation of 1 equiv of netropsin, and the second transition
to melting of the 1;1 netropsin—duplex complex (with a dangling
end) to the coil state with the dissociation of the second
equivalent of netropsin, Therefore, netropsin binding thermo-
dynamically destabilizes the formation of the triplex, and this
ligand is recognizing a second groove of the triplex.

To determine the nature of the destabilization of the triplex
domain upon netropsin binding, we performed isothermal
calorimetric titrations at 5 °C.2%2! The fits of the ITC binding
isotherms show the following (i) complex stoichiometries similar
to the ones obtained in CD titrations; since the netropsin binding
site for this type of triplex spans seven dA+dT base pairs'? and
the duplex is binding only one netropsin molecule (i.e., the loops
are not binding any at all), then the second netropsin is binding
in a different groove of the triplex; (ii) that binding of the first
netropsin to the triplex, relative to the control duplex, results
in a K, that is 2 orders of magnitude smaller and a less
exothermic heat; therefore, netropsin binds better to the minor
groove of the duplex, suggesting that the triplex has a narrower
minor groove; (iii) that the AH, for the second netropsin to the
triplex is far more exothermic, as expected for the binding of
netropsin to a hydrophobic groove in which the complex is
stabilized primarily by van der Waals interactions, In addition,
the enthalpic contribution for releasing hydrophobic or structural
water from a dA-dT environment has been estimated to be
exothermic,!* and since we measured a heat capacity effect with
this triplex, we conclude that the likely binding site of the second
netropsin is the hydrophobic spine of thymine methyl groups
in the Hoogsteen—Watson groove of the triplex. This additional
site is reported here for the first time.'2?
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