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We use a variety of biophysical techniques to determine thermodynamic profiles, including hydration, for the
unfolding of DNA stem-loop motifs (hairpin, a three-way junction and a pseudoknot) and their interaction
with netropsin and random cationic copolymers. The unfolding thermodynamic data show that their helix–
coil transition takes place according to their melting domains or sequences of their stems. All hairpins adopted
the B-like conformation and their loop(s) contribute with an immobilization of structural water. The
thermodynamic data of netropsin binding to the 5′–AAATT–3′/TTTAA site of each hairpin show affinities of
~106–7 M−1, 1:1 stoichiometries, exothermic enthalpies of −7 to −12 kcal mol−1 (−22 kcal mol−1 for the
secondary site of the three-way junction), and water releases. Their interaction with random cationic
copolymers yielded higher affinities of ~106 M−1 with the more hydrophobic hairpins. This information
should improve our current picture of how sequence and loops control the stability and melting behavior of
nucleic acid molecules.
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1. Introduction

The function of nucleic acids is carried out via interactions with
other molecules. In the readout of genetic information and in the
control of gene regulation, the presence of proteins and other ligands
is essential. Distinctive conformations are associated with the
function of DNA. Sites of interaction of DNA with gene regulatory
proteins have been found to exhibit characteristic conformational
properties [1]. For instance, origins of replication in both procaryotes
and eucaryotes appear to possess characteristic structural features. To
understand how nucleic acids carry out their biological roles, it is
essential to have a complete physical description of these interacting
systems. In principle, the folding of nucleic acids is controlled by their
base sequence in a precise and potentially predictable way. However,
knowledge of the structure of a particular duplex alone cannot
provide an understanding of the forces responsible for maintaining
the distinct structures of nucleic acids. The overall physical properties
of a nucleic acid molecule not only depend on its chemical
architecture, but on contributions from base pairing, base stacking,
ion and water binding.

The discovery of the human genome has led scientists to postulate
the formation of additional unusual structures, including Holliday
junctions, telomeres, i-motifs and triplexes. Furthermore, it has been
demonstrated that palindromic sequences embedded in plasmids
developed cruciform structures in response to a topological stress
[2,3], which are cleaved by specific endonucleases [4,5]. These
findings suggest that the presence of hairpin loops in DNA may play
an important role in biological processes. Currently, there is
considerable interest in both the structure and overall physical
properties for the folding (and unfolding) of nucleic acid hairpin
loops. Our current understanding of the structures and stability of
both DNA and RNA has been enhanced by thermodynamic in-
vestigations of the helix–coil transitions of model oligonucleotide
compounds, of known sequence [6–9]. Our laboratory is primarily
interested in understanding the unfolding of single-stranded DNA
oligomers that may adopt a variety of intramolecular secondary
structures [10–12]. Their monomolecular unfolding takes place with a
lower entropy penalty yielding transition temperatures higher than
their bimolecular counterparts, allowing investigations of the physical
properties of their 100% helical conformations over a wider
temperature range [13].

Netropsin is a natural oligopeptide that binds in the minor groove
of B-DNA with high affinity and specificity for stretches of dA·dT base
pairs. The netropsin–DNA complexes are stabilized by a combination
of hydrogen bonding, van der Waals and electrostatic interactions,
and the extent of these interactions depends on how well netropsin
penetrates the minor groove [14,15].

Experimental and theoretical investigations have indicated that
water plays a fundamental role in the stability and overall secondary
structure of nucleic acids. Nucleic acid helical structures are heavily
hydrated [16–20]. Their overall hydration in solution depends on their
conformation, nucleotide composition and sequence [21–28]. How-
ever, the detailed nature of this phenomenon remains unclear, and
this is due to the simultaneous presence of two distinctive types of
hydrating water around a nucleic acid molecule: hydrophobic or
structural (around polar and non-polar groups) and electrostricted
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(around charged groups) [29,30]. These two types of water are
difficult to detect and differentiate, complicating the measurement
and analysis of their physical properties. Furthermore, nucleic acid
hydration is closely associated with its number and type of
counterions because these ions are also hydrated [31–33].

Since 1995, all members of our laboratory have attended the annual
Gibbsmeeting. This meeting has served as a forum for discussion of our
experimental results, and our graduate students need to have an oral
presentation as part of their PhD requirements. Everyone has enjoyed
these meetings because of the common thermodynamic language of all
participants. For this special issue commemorating the25th anniversary
of the Gibbs meetings on Biological Thermodynamics, our contribution
includes all four aspects of our investigations with nucleic acids. These
include the folding/unfolding energetics of nucleic acids as a function of
sequence, conformation and solution conditions; their interaction with
ions and ligands; hydration properties of nucleic acids and their
hydration effects upon ligand binding; and current investigations on
the interaction of DNA oligonucleotides with polycations for the
purpose of their cellular delivery to control the expression of genes.

In this work, we present a thermodynamic description, including
hydration, of the unfolding of three DNA oligonucleotides forming
intramolecular stem-loop motifs, and their interaction with both
netropsin and random cationic copolymers. Specifically, we used a
combination of UV and circular dichroism spectroscopies, calorimetric
techniques, density and ultrasound techniques to investigate both the
unfolding thermodynamics, including hydration effects, of a hairpin
loop, three-way junction, and Pseudoknot. We also investigated the
binding thermodynamics, and associated hydration effects, for the
interaction of netropsin with the d(A3T2)/d(T3A2) site of each hairpin.
The hydrophobic contribution of their loops was probed by looking at
their interaction with random cationic copolymers as a function of
their percentage of polyethylene glycol.

2. Materials and methods

2.1. Materials

We used the following oligonucleotides (and their designations)
with 5′ to 3′ sequences: GA3T2C5A2T3C (Hairpin), GA3T2GCGCT5-
GCGCGTGCT5GCACA2T3C (Hammer), and CGCGCGT4GA3T2CGCGCGT4-
A2T3C (Pseudoknot), their putative secondary structures are shown in
Hairpin

Hammer

Netropsin

Fig. 1. Sequences, designation and cartoon o
Fig. 1. All oligonucleotides were synthesized in the Eppley Institute
Molecular Biology Core Facility at UNMC, reverse-phase HPLC purified,
desalted on a G-10 Sephadex column, and lyophilized to dryness. The
concentration of each oligomer solution was determined from absor-
bance measurements at 260 nm and 80 °C using the following molar
absorptivities inmM−1 cm−1 of strands: 164 (Hairpin), 344 (Hammer),
and309 (Pseudoknot). Thesevalueswere calculatedbyusingprocedures
reported earlier [34,35]. Netropsin, from Sigma, was used without
further purification. Random cationic copolymers were synthesized
from methoxy poly(ethylene glycol) monomethacrylate (MePEGMA)
and (3-(mathacryloylamino)-propyl)trimethylammonium chloride
(MAPTAC) with different mole ratios (38:62, 51:49, and 68:32). A full
description of their synthesis has been reported elsewhere [36]. All
other chemicalswere of reagent grade. The buffer solutions consisted of
10 mMsodiumphosphate, 0.1 MNaCl at pH7or10 mMHepes, 100 mM
NaCl, at pH 7.5.

2.2. Temperature-dependent UV spectroscopy

UV melting curves, as a function of strand- and salt concentration,
were measured at 260 nm with a thermoelectrically controlled Aviv
14 DS UV/Vis spectrophotometer (Lakewood, NJ). The absorbancewas
scanned with a temperature ramp of ~0.4 °C/min. The analysis of the
shape of the melting curves yielded transition temperatures, TMs, and
van't Hoff enthalpies, ΔHvHs [37]. We investigated the molecularity of
each transition from the TM-dependence on strand concentration,
constant TM indicates an intramolecular transition.

2.3. Circular dichroism spectroscopy (CD)

We use a thermoelectrically controlled Aviv circular dichroism
spectrometer Model 202SF (Lakewood, NJ) to measure the CD
spectrum of each oligonucleotide. Typically, we prepared a hairpin
buffered solution with an absorbance of 1 (~4 μM in strands), and the
CD spectrum was measured from 320 to 200 nm every 1 nm, using a
strained free quartz cuvette with a pathlength of 1 cm, at tempera-
tures such that the particular hairpin is 100% helical. The reported
spectra correspond to an average of at least two scans.

To obtain the stoichiometry of each netropsin-hairpin, a hairpin
solution was titrated with a netropsin solution, and the induced
ellipticity of the bound netropsin was followed at 310 nm. The plots of
Pseudoknot

Random cationic copolymers

f intramolecular DNA stem-loop motifs.
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ellipticity vs. [netropsin]/[hairpin] molar ratio yielded the stoichiom-
etry of each complex from the breaks of the two intersecting lines
[15,38,39].

2.4. Differential scanning calorimetry (DSC)

Heat capacity functions of the helix–coil transition for each hairpin
were measured with a Microcal VP-DSC (Northampton, MA) instru-
ment. Two cells, the sample cell containing 0.5 mL of a DNA solution
(~0.15 mM in total strands) and the reference cell filled with buffer
solution,were heated from 0 °C to 90 °C at a heating rate of 0.75 °C/min.
A buffer vs. buffer scan was also done under similar conditions and
subtracted from the subsequent experimental runs; the resulting curve
was normalized for the number of moles. Analysis of these thermo-
graphs yielded TMs and standard thermodynamic unfolding profiles:
ΔHcal, ΔScal and ΔG°(T)[37]. These parameters are measured with the
following relationships: ΔHcal=∫ΔCpadT and ΔScal=∫(ΔCpa /T)dT,
where ΔCpa represents the heat capacity during the unfolding process
[37]. The free energy, ΔG°(T), is obtained at any temperature with the
Gibbs relationship: ΔG°(T)=ΔHcal−TΔScal. Alternatively, ΔG°(T) can be
obtained using the following equation for intramolecular transitions:
ΔG°(T)=ΔHcal (1−T/TM). For multiphasic unfolding curves, the heat
associated with each transition is obtained using a non two-state
deconvolution procedure in the Origin software, provided with the VP-
DSC instrument. To determine netropsin binding affinities, Kbs,
additional DSC curves were obtained for solutions of netropsin–hairpin
complexat1:1 [netropsin]/[hairpin]molar ratios. TheKbswereobtained
from the increase in the TMs of each saturated complex relative to the
free hairpin [15].

2.5. Differential thermodynamic binding of counterions

The Helix→Coil transition of a hairpin is accompanied by a release
of counterions, Δnion, due to the higher charge density parameter of
the helical state [40,41]. This Δnion term is measured with the
assumption that counterions bind similarly to the helical and coil
states [40]. We used the equation [42]:

ΔnNaþ = 0:483 ΔHcal = RT
2
M

h i
∂TM = ∂log Naþ

h i� �
: ð1Þ

The 0.483 factor results from the conversion of natural to decimal
logarithms and ionic activities into concentrations, the [ΔHcal /RTM2 ]
term is determined in DSC experiments, R is the gas constant; and the
term in parenthesis is determined from the TM-dependence on salt.

2.6. Isothermal titration microcalorimetry (ITC)

The heats of netropsin binding to each hairpin were measured
directly by ITC using the iTC200 calorimeter from Microcal, Inc. A
detailed description of this instrument has been presented elsewhere
[43,44]. In a typical titration, 24–48 injections of 0.5–2.5 μL each were
performed in a single and continuous titration. A 40 μL syringe filled
with netropsin solution (0.10–0.74 mM) was used to titrate 300 μL of
hairpin solution (5.3–77 μM) (200 μL is the effective reacting volume of
this cell). Complete mixing is achieved by stirring of the syringe paddle
at 1000 rpm. The reference cell of the calorimeter was filledwithwater.
The area under the resulting peak following each injection is
proportional to the interaction heat, Q. After Q is corrected for the
dilution heat of the titrant and normalized by the concentration of
bound ligand, it yields the binding enthalpy, ΔHb. The precision on the
injection heats is ~0.1 μcal. Analysis of the calorimetric binding
isotherm, yields ΔHbs, binding affinities (Kb) and complex stoichiom-
etries (n). The resulting calorimetric binding isotherm corresponds to
the dependence of (Total Heat)/(mole of netropsin injected) on the
[Netropsin]/[hairpin] ratio. The binding isothermofHairpinwasfitted to
amodel that incorporates a coupling of netropsin binding with hairpin-
duplex conformational changes, as described earlier [45], while the
other binding isotherms were fitted with the Origin software (version
7), supplied by Microcal Inc., using one (Pseudoknot) or two sets
(Hammer) of three parameters, Kb, ΔHb and stoichiometries (n).

2.7. Density and ultrasonic velocity measurements

The density of each hairpin solution wasmeasured with a DMA-602
densimeter (Anton Paar, Graz, Austria) with two 200 μL cells. The
apparent molar volume, ΦV, is calculated using the equation [31]:
ΦV=M/ρ−(ρ−ρo)/(ρoC), where ρo and ρ are the density of the
solvent and solution, respectively, M is the molecular weight of the
hairpin, and C its concentration. Ultrasonic velocitymeasurementswere
obtained in the frequency range of 7–8 MHz with a home built
instrument, based on the resonator method [46], using two cells
differentially. Themolar incrementof ultrasonic velocity,A, is definedby
the equation: A=(U−Uo)/(UoC), where U and Uo are the ultrasonic
velocities of the solution and solvent, respectively, and C is the solute
concentration. The experimental error in themeasurement of (U−U0)/
(U0) is 2×10−5%. The molar adiabatic compressibility,ΦΚS, is obtained
from equation [47]: ΦΚS=2βo(ΦV−A−M/2ρo), where βo is the
adiabatic compressibility coefficient of the solvent.

The molecular interpretation for the absolute ΦV and ΦΚS

parameters is provided by the relationships [48]: ΦV=Vm+ΔVh

andΦΚS=Κm+ΔΚh. The Vm term is the intrinsic molar volume of the
solute, and Κm is the intrinsic molar compressibility of this volume
that is inaccessible to the surrounding solvent. The ΔVh term
represents the hydration contribution of the change in the volume
of water surrounding the solute. The ΔΚh term is the hydration
contribution of the change in the compressibility of water around a
solute and the compressibility of the void volumes, if any, between the
solute and that of the surrounding water. For oligonucleotides, the
contribution of Κm is small relative to ΔΚh. Therefore, the value ofΦΚS

reflects the sole hydration contribution, i.e., ΦΚS=ΔΚh.
The molar volume change, ΔV, accompanying the interaction of

netropsin with each hairpin is calculated from the relationship: ΔV=
(m1ρ1+m2ρ2−m12ρ12)/(m1ρ1C1), where m and ρ correspond to the
mass and density for each of the reagents, 1 (netropsin) or 2 (hairpin)
and product complex (12). One of the reagents is considered limiting.
The change in the molar increment of ultrasound velocity, ΔA,
accompanying the interaction of netropsin with each hairpin is given
by the relationship: ΔA=(m12U12−m1U1−m2U2)/(m1U0C1); where
m1, m2 and m12 are the masses of each reactant and the mass of the
product complex, respectively; U1, U2 and U12 are the corresponding
ultrasound velocities of the solutions of each reactant and product,
respectively, and C1 is the molar concentration of reagent 1
(netropsin). All ΔA values were calculated in terms of the netropsin
concentration. In these acoustically monitored titrations, each hairpin
is titrated with netropsin. 2−5 μL aliquots of netropsin were added
stepwise, using calibrated 10 μL Hamilton syringes, to 695 μL hairpin
solution in the sample cell. Mixing was performed with a built-in
magnetic stirrer. The reference cell was filled with water. The
resulting ΔA values were corrected for dilution effects, by subtracting
the ΔA values of a similar titration of the buffer. The change in the
molar adiabatic compressibility, ΔKS, is determined with the relation-
ship [47]: ΔKS=2β0(ΔV−ΔA). In the absence of significant confor-
mational changes, both Vm and Km values remain constant, indicating
that the ΔV and ΔKS values reflect their hydration changes, i.e.,
ΔV=ΔΔVh and ΔKS=ΔΔKh.

2.8. Ethidium displacement assay

The displacement of bound ethidium from DNA is followed with
the increase in copolymer concentration to determine copolymer
binding affinities, Kpol, with each hairpin. An Aviv ATF 105
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spectrofluorometer is used to measure the emission spectrum of the
DNA bound ethidium as a function of the copolymer concentration,
using an excitation wavelength of 480 nm. The fluorescence intensity
of the DNA solutions with ethidium (at 600 nm) in the absence of
copolymer was set to 0% ethidium released, and the fluorescence of
free ethidium was set to 100% ethidium released. The percentage of
ethidium released was plotted vs. the copolymer concentration added
into the solution and the copolymer concentration excluding 50%
ethidium, C50, is obtained from this plot. This C50 term is proportional
to Kpol according to the equation [49]: KEB×CEB=Kcop×C50, where KEB

is the binding affinity of ethidium for each hairpin, determined from
independent fluorescence experiments by titrating an ethidium
solution with stepwise additions of a concentrated hairpin solution
under similar solution conditions, and CEB is the initial molar con-
centration of ethidium bound to DNA.

3. Results and discussion

3.1. UV melting curves

The helix–coil transition of each hairpin (Fig. 1) was characterized
initially by UV melting curves (Fig. 2a). All three UV melting curves
show the characteristic melting behavior of the cooperative unfolding
of base pairs and base-pair stacks of oligonucleotides; however,
Hairpin shows one transition, Hammer has 2–3 transitions, while
Pseudoknot shows two distinctive transitions. The TMs for the
transitions of each oligonucleotide remain constant, despite the
~100 fold increase in strand concentration (Fig. 2b) consistent with
its intramolecular unfolding. The TMs of the transitions of each hairpin
molecule, Table 1, corresponds roughly to the percentage of GC base
pairs in their helical stems. Furthermore, the TM of the first transition
of each hairpin corresponds to the unfolding of their GA3T2/CT3A2

stem. We obtained TMs of 35.8 °C (Hairpin), 31.3 °C (Hammer) and
45 °C (Pseudoknot). The analysis of the shape of this transition for each
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Fig. 2. a) Typical UV-melting curves of hairpin molecules. b) TM-dependence on strand c
(squares), Pseudoknot (triangles). All experiments in 10 mM sodium phosphate buffer, 0.1 M
hairpin, using standard procedures [37], yielded the following ΔHvHs:
−37 kcal mol− 1 (Hairpin); −26, kcal mol− 1 (Hammer), and
−12 kcal mol−1 (Pseudoknot). These values clearly indicate the
effects of the adjacent secondary structure of this stem, C5 end loop,
three-way crossover junction and T4 loop, respectively, in reducing
the enthalpy contributions. The CD spectrum of each hairpin (Fig. 2c)
indicates the hairpins adopting the B-like conformation, as seen by the
similar magnitudes between the longer wavelength positive band and
the negative band centered at 250 nm.

3.2. DSC unfolding of hairpins

Typical DSC profiles are shown in Fig. 3a. These curves clearly show
that the DNA unfolding is monophasic (Hairpin), triphasic (Hammer),
and biphasic (Pseudoknot), consistent with the observations of the UV
melting curves. Thermodynamic profiles for all transitions observed in
the folding of each oligonucleotide are listed in Table 1. The
thermodynamic parameters of each transition show that the favorable
free energy contribution results from the characteristic compensation
of a favorable enthalpy contribution with an unfavorable entropy
contribution. Favorable heat contributions involve the formation of
base pairs and base-pair stacks, whereas unfavorable entropy
contributions involve the ordering of the strands, ion and water
binding. The enthalpy contributions of each transition are in good
agreement with the expected enthalpy values from nearest-neighbor
calculations [6,8]. For instance, in 0.1 M NaCl, we obtained enthalpy
contributions of 36.7 kcal mol−1 (Hairpin) and 36.4 kcal/mol−1 for
the first transition of Hammer), which are in excellent agreement
with the value of 39.9 kcal mol−1 estimated from nearest-neighbor
parameters in 1 M NaCl [6,8]; however, the enthalpy of the first
transition of Pseudoknot is much lower, by 9.3 kcal mol−1, in spite of
having similar helical sequence. The overall effects are explained in
terms of the actual contribution of the adjacent secondary structure,
in the case of Hairpin and Hammer, the loop and crossover junction
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Table 1
Thermodynamic profiles for the folding of hairpins.

TM
(°C)

ΔHcal

(kcal/mol)
TΔScal
(kcal/mol)

ΔGº(15)
(kcal/mol)

ΔnNa+
(mol Na+/mol)

ΦV
(cm3/mol)

ΦKS×104

(cm3/mol bar)

Hairpin
35.8 −37.5 −2.5 −34.8 0.06 138.8 −111.6

Hammer
1st 31.3 −35.1 −1.9 −34.5 0.03 120.7 −132.6
2nd 51.3 −23.6 −2.6 −21.0 nd
3rd 69.6 −36.2 −5.8 −30.4 0.13

Pseudoknot
1st 45.0 −27.2 −2.3 −24.9 0.03 129.1 −118.7
2nd 70.6 −48.6 −7.8 −40.8 0.10

All UV and DSC experiments were measured in 10 mM sodium phosphate buffer, 0.1 M NaCl at pH 7, whereas the hydration parameters were determined in 10 mM Hepes, 0.1 M
NaCl, pH 7.5 at 15 °C, and are calculated per mole of nucleotide. Experimental uncertainties are as follows: TM (±0.5 °C), ΔHcal (±3%), TΔScal (±3%), ΔGο

(15) (±5%), ΔnNa+ (±5%),
ΦV (±8), and ΦKS (±13×10−4).
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has no effect, while the T4 loop of Pseudoknot lies on the ceiling of the
sugar-phosphate backbone that removes water, reducing its enthalpy
contribution.

In terms of the overall free energy contribution of folding each
hairpin at 15 °C, we obtained ΔGºs contributions of −2.5 kcal mol−1

(Hairpin),−10.3 kcal mol−1 (Hammer) and−10.1 kcal mol−1 (Pseu-
doknot). This indicates that each molecule folds with their particular
secondary structure at 15 °C, and the overall thermodynamic profiles
for each transition of these hairpins are consistent with the sequences
of their melting domains. The entropy contributions, in energy terms
(TΔScal), for the formation of each melting domain are shown in the
fourth column of Table 1. Themagnitude of these unfavorable entropy
terms follow the same order as those of the enthalpies, and
correspond to contributions of the ordering of the oligonucleotide,
uptake of counterions, and the immobilization of water molecules by
the helical states of each hairpin. These two later contributions are
discussed in the following sections.

We measured the uptake of counterions, using Eq. (1), from the
TM-dependence on salt concentration (Fig. 3b), and the ΔHcal/RTM2

terms obtained in the DSC curves. For each transition, the increase in
salt concentration shifts the melting curves to higher temperatures
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Fig. 3. a) Heat capacity profiles for the hairpin molecules in 10 mM sodium phosphate buffe
hairpin (the second transition of Hammer was not determined).
(data not shown), due to the shift of the hairpin–coil equilibrium
towards the conformation with higher charge density parameter. The
TM-dependence on salt concentration for each hairpin is shown in
Fig. 3b (with the exception of the 2nd transition of Hammer that was
difficult to determine), linear dependences are obtained with slope
values ranging 2.3 to 2.9 °C. The resulting ΔnNa+ values are shown in
the sixth column of Table 1. The magnitude of these values indicates
the strength of ion binding by the helical state of each molecule.
Relative to the value of 0.17 mol Na+/mol phosphate for longer
duplex DNA molecules, these values are low but consistent with the
formation of five base pairs in the hairpin stems [50]. The higher
uptake of counterions by helical stems with exclusively G·C base pairs
is consistent with the published observation that the major groove of
G·C base pairs is preferred ion binding sites [51].

3.3. Hydration parameters of hairpins

The ultrasound velocity and density of the hairpin solutions have
been measured to characterize the overall hydration of each hairpin.
The resultingΦV andΦKS values for each hairpin are shown in the last
two columns of Table 1, all ΦV values are positive, while all ΦKS are
0

30

30

45

60

-2.0 -1.6 -1.2

45

60

bHairpin

Hammer

 1st transition
 3rd transition

T
M

 (°
C

)

Pseudoknot

 1st transition
 2nd transition

log [Na+]

r, 0.1 M NaCl at pH 7. b) TM-dependence on salt concentration for all transitions of each



167S. Maiti et al. / Biophysical Chemistry 159 (2011) 162–171
negative, which is typical of nucleic acid molecules. The ranges of the
ΦV values, 120.7 to 138.8 cm3/mol, andΦKS values,−111.6×10−4 to
−132.6×10−4 cm3/mol bar are in very good agreement with earlier
measurements of oligonucleotides [52]. The values of ΦV are positive
because the magnitudes of the intrinsic volumes (VmsN0) exceed the
corresponding negative hydration terms (ΔVhsb0). The negative ΦKS

values are determined by the fact that molecules with high packing
coefficients are characterized by negligible intrinsic contributions in
comparison to the negative hydration term; therefore, theΦKS values
can be interpreted in terms of hydration. In general, a decrease inΦKS

corresponds to an increase in the extent of hydration. For these
hairpins, the following order of ΦKS values is observed: HairpinN
PseudoknotNHammer, corresponding to increasing hydration from
Hairpin to Hammer molecules. A rigorous comparison among these
hairpin molecules is not possible, due to their differences in
nucleotide sequence and structure. However, the plot of ΦV vs. ΦKS

(Fig. 4) yielded a positive slope, k=0.8×104 bar, which indicates the
type of water in the hydration shells of these hairpins [53]. For
instance, k values of 0.3–0.4×104 bar are characteristic of dissolved
charged molecules [54] and of their interactions between themselves
[55,56], dissolved DNA duplexes have ks of ~0.6×104 bar [32,57],
whereas the k values of the nucleic acid bases are ~0.8×104 bar [58].
The formation of a nucleic acid duplex, which is accompanied by an
uptake of water molecules, has a k=0.8×104 bar [52]. Therefore, the
resulting slope of 0.8×104 bar of Fig. 4 indicates that the hydration
shell of these hairpins primarily consists of structural water.

3.4. Interaction of netropsin to the A3T2 site of each hairpin

An 5′–AAATT–3′/TTTAA (A3T2) sequence was placed at the end
stem of each hairpin (Fig. 1) to interact with netropsin. The rationale
behind this design is two-fold: a) binding of netropsin to this stem
should confirm the formation of each hairpin, and b) to test the effects
of the adjacent secondary motif on netropsin binding. For example,
the A3T2 binding site in the stem of Hairpin is adjacent to a loop, in
Hammer it is next to a three-stem junction, whereas in Pseudoknot this
site is partially covered by a loop of four thymines.

3.4.1. Stoichiometry of netropsin–hairpin complexes
The CD spectra of the hairpins are shown in Fig. 5 in the presence

and absence of netropsin. The addition of netropsin to each hairpin
results in significant ellipticity (θ°) changes, except at the well defined
isoelliptic points, which indicates the presence of an equilibrium of a
free and bound netropsin (Fig. 5 a,b). The bound netropsin shows an
induced Cotton effect, best indicated by an extra band at ~310 nm.We
used this wavelength to monitor netropsin binding, because the DNA
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Fig. 4. Plot of the absolute values ofΦV andΦKS. The slope of the line is equal to 0.8 bar,
this empirically indicates that the hydration of each hairpin is dominated by structural
water.
contributions are negligible. The resulting titration curves are shown
in Fig. 5b. The major breaks of the lines correspond to 1:1
stoichiometries for each hairpin; consistent with our earlier in-
vestigations that one netropsin molecule is accommodated in the
minor groove of the A3T2 site of a duplex [15]. However, an additional
and less evident break is seen in the Hammer titration at a [netropsin]/
[hairpin] ratio of 2. Similar stoichiometries were obtained with
Hammer and Pseudoknot in the ITC titrations, whereas ultrasonic
velocity titrations yielded 1:1 stiochiometries with all three hairpins,
as discussed in later sections.

3.4.2. Netropsin binding results in exothermic heats
The heat of netropsin interacting with each hairpin was deter-

mined directly by ITC from averaging the heats of multiple (5 to 12)
injections under unsaturating conditions, see Fig. S1 for solution
conditions. After correcting for the netropsin dilution heat, we ob-
tained ΔHbs of −8.9 kcal mol−1 (Hairpin), −7.6 kcal mol−1 (Ham-
mer) and −12.2 kcal mol−1 (Pseudoknot), which are in agreement
with the ΔHb of −7.5 kcal mol−1 obtained earlier with an identical
site in a duplex [15]. The higher ΔHb with Pseudoknot is explained in
terms of additional van der Waals contributions involving its thymine
loop. Calorimetric titrations for all netropsin–hairpin complexes are
shown in Fig. 6. The curves show initial ΔHbs of −7 kcal mol−1

(Hairpin and Hammer) and −10 kcal mol−1 (Pseudoknot), which get
more exothermic for Hairpin (−13 kcal mol−1) and Hammer
(−18 kcal mol−1) upon reaching saturation; further addition of
netropsin yielded ΔHbs close to zero. The stoichiometries in these
curves are roughly: 1:1 (Hairpin and Pseudoknot) and 2:1 (Hammer).
The initial heats are consistent with earlier measurements for the
interaction of netropsin with DNA polymers and oligonucleotides
[15,59,60]. However, the observed increase in exothermicities of
Hairpin and Hammeris unusual and corresponds to ligand binding
induced events. In the case of Hairpin, netropsin induces dimerization
of hairpin, forming duplexes with one and two netropsin molecules,
yielding an overall stoichiometry of 1:1, as reported earlier in the
interaction of this ligand with hairpin loops [45]. In the case of
Hammer, netropsin binding is optimizing base-pair stacking on the
adjacent three-stem junction, forming a secondary site.

We have tried different models to fit the experimental binding
isotherms, including the global fitting model for the netropsin–
Hairpin system that incorporates the equilibria of four reactions
involving netropsin with the hairpin and duplex states of Hairpin [45].
The results of these fitting procedures are shown in Table 2, while the
complete set of binding parameters for the netropsin–Hairpin system
is shown in Table S2. The resulting curves of the fits are included in
Fig. 6. These solid lines fit the experimental binding isotherms very
well and the best fitting estimates are obtained with one set of
parameters (Pseudoknot) and two sets of parameters (Hammer); each
set has roughly 1:1 stoichiometries. The single binding of netropsin to
the A3T2 site of each hairpin is accompanied by exothermic enthalpies
(in kcal mol−1) of −7.0 (Hairpin), −7.6 (Hammer), and −12.2
(Pseudoknot); and, Kbs ranging from 1.2×105 (Pseudoknot) to
5.2×107 (Hammer), see Table 2. The Kb values of Hairpin and Hammer
are in excellent agreement with the average Kb value of 4.5×107

obtained previously [15]. However, binding to the A3T2 site of
Pseudoknot is ~300 fold lower, which may be due to the presence of
the nearby thymine loop that is interfering.

The global fitting of the netropsin–Hairpin binding isotherm clearly
shows that netropsin induces the dimerization of Hairpin, the Ks and
enthalpy parameters for the four reactions included in this fitting
procedure are shown in Table S2. The fitting of the netropsin–Hammer
binding isothermyielded a secondary site, characterizedwith a lowerKb

(2×106 M−1) andhigherΔHb (−21.5 kcal mol−1). This sitemaybe the
adjacent three-way junction or the 5′–GCAC/5′–GTGC stem; the high
exothermic term favors the site at the junction in away that binding of a
second netropsin molecule may induce a more compact Hammer, by
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forming 1 to 2 additional base-pair stacks at the junction site. In this
case, netropsin binds to a site with a high content of dG·C base pairs,
yielding a small signal in its CD titration (Fig. 5b). The last column of
Table 2 corresponds to Kbs obtained from DSC (Fig. S2) and UVmelting
curves (data not shown) of the 1:1 netropsin–hairpin complexes, 2:1
netropsin–Hammer complex, and free ligand hairpins. These Kb values
are determined from the increased in thermal stability (ΔTM) of the
saturated complexes relative to the free hairpins [15]. All of the
experimentally determined parameters used in this determination are
shown in Table S1. The resulting Kbs (the last column of Table 2) are in
excellent agreementwith the ones obtained in the fits of the ITC binding
isotherms.

3.4.3. Volume and compressibility effects of netropsin binding
Ultrasonic velocity titrations of netropsin with each hairpin (Fig.

S3) show two intersecting lines with breaks that correspond to 1:1
stoichiometries for each hairpin, which are consistent with the CD and
ITC results. The ΔV and the derived ΔKS for the formation of the 1:1
netropsin–hairpin complex, using netropsin as the limiting reagent,
are listed in the last two columns of Table 3. The positive values of
1
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Fig. 6. Isothermal calorimetric titration curves for netropsin–hairpin complexes in 10 mM so
of hairpin and netropsin are as follows: Hairpin (77 μM, 740 μM), Hammer (5.3 μM, 100 μM
both ΔV and ΔKS parameters indicate that the effects are determined
mainly by a hydration process, and not by the intrinsic volume and
intrinsic compressibility changes of the hairpins. These positive values
show that complex formation is accompanied by a release of water
molecules. Similar water releases (ΔV of ~38 cm3/mol) are obtained
for Hairpin and Hammer, while the release of water is smaller for
the Pseudoknot (30.8 cm3/mol). This is in good agreement with earlier
ΔV measurements of netropsin binding to poly(dA)·poly(dT) and
poly[d(AT)]·poly[d(AT)], that yielded ΔVs of 40–68 cm3/mol and
−1 cm3/mol, respectively [59,61]. The type of hydrating water is
characterized empirically by the ΔV/ΔKS ratio. We obtained ΔV/ΔKS

ratios of 0.4×104 bar (Hairpin and Hammer), indicative of a release of
electrostricted water, and 0.7×104 bar (Pseudoknot), which indicates
a release of structural water. The number of water molecules, N,
involved in the binding event can be estimated from the ΔV values
(Table 3) and the equation: N=ΔV /(Vh−Vw), where Vh is the molar
volume of water released by the hydration shells, and Vw is the molar
volume of bulk water (equal to 18 cm3/mol). The change of the molar
volume of electrostricted water has been determined to be equal to
2.5 cm3/mol [31,60], and for structural water is equal to 4.5 cm3/mol
-0.6

-0.3

0.0

40 80 120
Time (min)

µ
ca

l/s
ec

1 2 3
-12

-8

-4

0

kc
al

/m
o

l o
f 

in
je

ct
an

t

[Netropsin]/[Pseudoknot]

Pseudoknot

2 3

90 120
e (min)

n]/[Hammer]

dium phosphate buffer, 0.1 M NaCl, at pH 7 and 10 °C. The solution concentrations used
) and Pseudoknot (45 μM, 636 μM), respectively.



Table 2
Netropsin binding profiles from ITC and DSC and UV melts.

Site ITC fitting DSC

n ΔHb

(kcal/mol)
Kb×10−7

(M−1)
ΔTM
(°C)

ΔHcal

(kcal/mol)
Kb×10−7

(M−1)

Hairpin
A3T2 nd −7.0 2.6 27.8 −37.5 2.1

Hammer
A3T2 0.9 −7.4 5.2 29.2 −35.1 1.2
Secondary 0.9 −21.5 0.2 1.2 −29.9 0.2

Pseudoknot
A3T2 1.1 −12.5 0.01 9.7 −27.2 0.1

All experiments were measured in 10 mM sodium phosphate buffer, 0.1 M NaCl at pH 7
and 10 °C. Experimental uncertainties are as follows: n (±10%), ΔHb (±5%), Kb

(±30%), and ΔTM (±0.7 °C).
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[62]. This procedure yielded the following N values, per mole of
netropsin: release of 15 electrostricted water molecules (Hairpin and
Hammer) and a release of 7 structural water molecules (Hammer).

3.4.4. Thermodynamic profiles for the interaction of netropsin to each
hairpin

Complete thermodynamic profiles for the interaction of netropsin
to each hairpin at 10 °C are summarized in Table 3. The listed Kbs
correspond to the average of the experimentally determined Kb from
two different methods, the free energies are calculated by using the
standard thermodynamic relationship, ΔG°b=−RT ln Kb, the ΔHbs
are obtained from the fits of the ITC titrations, while the entropy
contributions from the Gibbs equation, ΔGb°=ΔHb−TΔSb. Similar
favorable free energy terms (−9.5 kcal/mol−1) are obtained for the
binding of netropsin to the A3T2 site of Hairpin and Hammer, resulting
from favorable enthalpy and entropy contributions; while for
Pseudoknot, a 2.1 kcal less favorable ΔGb° term is obtained that is
enthalpy driven. Favorable enthalpy contributions involve exothermic
contributions from hydrogen bonding and van der Waals contacts
with the walls of the minor groove, while favorable entropy
contributions include the release of water molecules and the putative
release of counterions, due to the cationic nature of netropsin. In the
case of netropsin binding to Pseudoknot, the observed thermodynamic
differences may be due to the lower length of the loop at the 5′ end of
A3T2 yielding the A3T2 site with a more exposed minor groove or less
helical in nature. This can be accounted by the difference in the type
and quantity of the water released by Pseudoknot, which correlates
with the observed entropy differences. For instance, the lower release
of 8 water molecules by Pseudoknot may be contributing with an
endothermic enthalpy of ~2.4 kcal/mol−1. It takes 300 cal/mol−1 to
Table 3
Thermodynamic profiles for the interaction of netropsin with hairpins.

Kb×10−7

(M−1)
ΔG°b
(kcal/mol)

ΔHb

(kcal/mol)
TΔSb
(kcal/mol)

ΔV
(cm3/mol)

ΔΦKS×104

(cm3/mol bar)

Hairpin
2.4 −9.5 −8.9 0.6 38.8 102.3

Hammer
3.2
(0.2)

−9.7
(−8.1)

−7.6
(−21.5)

2.1
(−13.4)

37.5 98.5

Pseudoknot
0.1 −7.4 −12.2 −4.8 30.8 44.8

Standard thermodynamic profiles were determined in 10 mM sodium phosphate
buffer, 0.1 M NaCl at pH 7 and 10 °C, whereas the hydration parameters of the 1:1
complexes were determined in 10 mM Hepes, 100 mM NaCl, at pH 7.5 and15 °C, and
calculated per mole of netropsin. The experimental uncertainties are as follows: ΔHb

and ΔGb° (±5%), TΔS (±8%). ΔV (±7%), ΔKS (±2.5×104).
remove 1 mol of water from DNA [63]. This termmaywell account for
the lower ΔHbs of netropsin binding to Hairpin and Hammer.

3.5. Interaction of random copolymers with hairpins

In the previous sections, we have shown that all three DNA hairpins
formed their respective secondary structures and the minor groove
ligand netropsin associates to the A3T2 site, located at their end stems,
with tight affinity and specificity. Furthermore, we also showed that the
incorporation of the loops renders these stem-loopmotifs slightlymore
hydrophobic,making themperhaps suitable to cross lipidmembranes of
the cell. In addition, these intramolecular DNA complexes have long
sequences that can be used tomimic the secondary structures presented
by RNAmolecules, and in the control of gene expression using antigene
and antisense strategies. For the stated reasons, this section presents the
interaction of hairpins with random copolymers, using an ethidium
displacement essay. We are testing the hypothesis that formation of
hairpin–copolymer complexes withmoderate affinities should help the
cellular delivery of hairpins. In addition, the copolymer should protect
the DNA hairpin against the action of nucleases. Fig. S4 shows a typical
experiment, the fluorescence spectrum of a saturated ethidium–hairpin
complex is the top spectrum, addition of copolymer displaces bound
ethidium, resulting in the lowering of its fluorescence intensity at
600 nm. The concentrationof copolymer thatdisplaces 50%of thebound
ethidium is used to calculate the copolymer binding affinity. Table 4 lists
all the binding affinities, KCOP, for the binding of three copolymers with
38% (P38), 51% (P51) and 68% (P68) of polyethylene glycol segments.
These KCOPs range from 7.4×104 M−1 (Hairpin—P68) to 2.3×106 M−1

(Pseudoknot—P38). For a given copolymer, the KCOP increases tenfold
fromHairpin toHammer to Pseudoknot, indicating that the interaction
of the copolymer is more favorable with the more hydrophobic
hairpin, the Pseudoknot. For a given hairpin, KCOPs decreases slightly,
by an average factor of 3, with the increase in the percentage of PEG of
the copolymer; however, with Pseudoknot the decrease is the lowest
(factor of 5). The overall results show that we do get suitable
copolymer binding affinities with the more hydrophobic hairpin,
confirming our hypothesis that these types of complexes can be used
in the cellular delivery of oligonucleotides to control the expression
of genes.

4. Conclusion

We used a combination of biophysical techniques to determine
complete thermodynamic profiles, including hydration, for the
unfolding of DNA intramolecular stem-loop motifs and their interac-
tionwith both theminor groove ligand netropsin and random cationic
copolymers. All hairpins adopted the B-like conformation. All
transitions in these hairpins take place according to their melting
domains, and their thermodynamic profiles are consistent with
existing DNA nearest-neighbors parameters. Overall, this information
will improve our current picture of how sequence and loops control
the stability and melting behavior of nucleic acids, supplementing
Table 4
KCOPs (M−1) for the interaction of copolymers with hairpins.

P38 P51 P68

Hairpin
2.4×105 1.9×105 7.4×104

Hammer
1.4×106 9.7×105 4.9×105

Pseudoknot
2.3×106 1.6×106 1.1×106

All KCOPs determined in 10 mM sodium phosphate buffer, 0.1 M NaCl at pH 7 and 15 °C.
The experimental error in their determination is 50%.
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current nearest-neighbor parameters in predicting secondary struc-
ture from knowledge of the sequence. Furthermore, absolute
hydration parameters showed that all hairpins are well hydrated;
the inclusion of loop(s) shifted their hydrophilic–hydrophobic
equilibria towards slightly more hydrophobic i.e., loops immobilize
structural water. This is shown in their interaction with cationic
copolymers, the more hydrophobic hairpin (Pseudoknot) binds better
(Kb=106 M−1).

Binding of netropsin to theA3T2 site of eachhairpin takes placewith
tight affinities (~107 M−1), the exception is Pseudoknot (~106 M−1),
high exothermic enthalpies (−7.6 to −12.2 kcal/mol−1), and 1:1
stoichiometries. However, the one exception is the secondary site in
Hammer that showedanunusual exothermicity of−22 kcal/mol,most
likely from the formation of additional base-pair stacks at the junction
site. Netropsin binding releases electrostricted water (Hairpin and
Hammer) and structural water (Pseudoknot).

Finally, the overall data should help in the optimization of
oligonucleotide reagents for the targeting of specific transient
structures that form in vivo.
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