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ABSTRACT

The introduction of cationic 5-(w-aminoalkyl)-2¢-
deoxypyrimidines into duplex DNA has been shown
to induce DNA bending. In order to understand the
energetic and hydration contributions for the
incorporation of a cationic side chain in DNA a com-
bination of spectroscopy, calorimetry and density
techniques were used. Speci®cally, the temperature
unfolding and isothermal formation was studied for
a pair of duplexes with sequence d(CGTAGUCG-
TGC)/d(GCACGACTACG), where U represents 2¢-
deoxyuridine (`control') or 5-(3-aminopropyl)-2¢-
deoxyuridine (`modi®ed'). Continuous variation
experiments con®rmed 1:1 stoichiometries for each
duplex and the circular dichroism spectra show that
both duplexes adopted the B conformation. UV and
differential scanning calorimetry melting experi-
ments reveal that each duplex unfolds in two-state
transitions. In low salt buffer, the `modi®ed' duplex
is more stable and unfolds with a lower endothermic
heat and lower release of counterion and water. This
electrostatic stabilization is entropy driven and dis-
appears at higher salt concentrations. Complete
thermodynamic pro®les at 15°C show that the favor-
able formation of each duplex results from the com-
pensation of a favorable exothermic heat with an
unfavorable entropy contribution. However, the iso-
thermal pro®les yielded a differential enthalpy of
8.8 kcal/mol, which is 4.3 kcal/mol higher than the
differential enthalpy observed in the unfolding pro-
®les. This indicates that the presence of the amino-
propyl chain induces an increase in base stacking
interactions in the modi®ed single strand and a
decrease in base stacking interactions in the modi-
®ed duplex. Furthermore, the formation of the `con-
trol' duplex releases water while the `modi®ed'
duplex takes up water. Relative to the control
duplex, formation of the modi®ed duplex at 15°C
yielded a marginal differential DG° term, positive

DDHITC±D(TDS) compensation, negative DDV and a
net release of counterions. The opposite signs of
the differential enthalpy±entropy compensation and
differential volume change terms show a net uptake
of structural water around polar and non-polar
groups. This indicates that incorporation of the
aminopropyl chain induces a higher exposure of
aromatic bases to the solvent, which may be con-
sistent with a small and local bend in the `modi®ed'
duplex.

INTRODUCTION

One of the most important physical properties of DNA is its
polyelectrolyte behavior; for instance, the repulsive forces
between its charges play a role in its conformation (1). Charge
repulsion favors extended conformations and as a result DNA
is considered a stiff molecule with a persistence length of
~160 bp that changes if its charge distribution is altered (1).
However, this stiff polymer is found wrapped 1.7 times around
histone proteins (2). The cationic amino acid residues of
histone proteins have been postulated to contribute to DNA
bending by neutralizing the phosphate charges via ion pairing
(3,4). Furthermore, experimental evidence has shown that
phosphate neutralization can also induce DNA bending (3)
and theoretical investigations have suggested that an unbal-
anced electrostatic repulsion between the remaining phosphate
charges could lead to a spontaneous collapse of DNA (5).
Thus, the incorporation of bases bearing positive charges into
DNA may well simulate the electrostatic effects of positively
charged protein side chains by neutralizing some of the
phosphate negative charges.

Despite numerous reports and current interest in elucidating
the mechanisms leading to increased DNA ¯exibility, the
molecular forces involved in DNA bending remain unclear.
Some reports have shown that partial replacement of the
negatively charged phosphates with neutral methylphos-
phonates phased with an intrinsically bent A-tract of DNA
resulted in signi®cant bending of DNA (3). On the other hand,
the neutralization of phosphate charges by tethering ammo-
nium cations to pyrimidine bases resulted in modest bending
(6,7). The comparison of these systems suggests that a number
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of questions remain unanswered. What is the nature of the
different behavior in these systems? Does the inclusion of a
cationic chain neutralize the local negative phosphate of
duplex DNA? If so, what is the role of cations and water in this
partial neutralization of charges? Does the overall effect
change the DNA conformation by inducing a local bend?

Our current interest is in elucidating the energetic and
hydration contributions resulting from the incorporation of
tethered ammonium cations in duplex DNA. In this work, we
used a variety of physical techniques to determine the
unfolding (and formation) energetics and hydration properties
of DNA duplexes, shown in Scheme 1, containing a single
uridine residue modi®ed with a cationic aminopropyl group.
Complete thermodynamic pro®les indicate that the favorable
formation of each duplex results from the characteristic
compensation of a favorable enthalpy with an unfavorable
entropy term. The formation of the `control' duplex releases
water while the `modi®ed' duplex takes up water and both
duplexes yielded uptake of counterions. These pro®les
allowed us to set up a thermodynamic cycle in which the
folding of the `control' duplex is used as the reference
reaction. Analysis of this cycle yielded: DDG° = ±0.4 kcal/
mol, DDHITC = 8.8 kcal/mol, D(TDS) = 9.2 kcal/mol, DDV =
±51.4 cm3/mol and DDnNa+ = 0.6 mol Na+/mol duplex. The
differential enthalpy±entropy compensation has an opposite
sign to the differential volume change. This shows a net
uptake of structural water, which is consistent with the small
DNA bend induced by the incorporation of the cationic chain
in the `modi®ed' duplex.

MATERIALS AND METHODS

Materials

The zwitterionic phosphoramidite of 5-(3-aminopropyl)-2¢-
deoxyuridine was synthesized and incorporated into deoxy-
nucleotides as described previously (8,9). The three oligo-
nucleotides were synthesized by the Core Synthetic Facility of
the Eppley Research Institute at UNMC, with an ABI
synthesizer, and puri®ed by reverse phase HPLC. The solution
concentration of oligonucleotides was determined optically at
260 nm and 80°C using the following molar extinction
coef®cients [per (mM-cm)±1 of strands]: 110 for d(GCACG-
ACTACG); 108 for d(CGTAGUCGTGC); 130 for d(CGT-
AGU*CGTGC). These values were calculated by extrapola-
tion of the tabulated values of the dimers and monomer bases
(10) at 25°C to high temperatures using procedures reported
earlier (11). The uridine contribution was calculated from the
RNA values of GU, UG and U, using appropriate comparisons
and extrapolations with the corresponding DNA values. To
include the chemical modi®cation of uridine, the extinction
coef®cient of the modi®ed strand has been corrected in
continuous variation experiments, as described in the next
section. Unless otherwise indicated, all measurements were
performed in buffer solutions consisting of 10 mM Na HEPES,
adjusted to pH 7.5. Hereafter the single strands are designated
as follows: d(GCACGACTACG), `common'; d(CGTAGU-
CGTGC), `control'; d(CGTAGU*CGTGC), `modi®ed'. The
duplex containing the modi®cation is designated the `modi-
®ed' duplex and that without the modi®cation the `control'
duplex.

Duplex stoichiometry

The stoichiometry of each duplex was checked in continuous
variation experiments (Job plots) using a Perkin-Elmer
Lambda 10 spectrophotometer. In these experiments, the
absorbance at 260 and 275 nm of several solutions with similar
total strand concentrations (~10 mM) was measured as a
function of the mole fraction of one strand. Plots of the
absorbance versus the molar fraction resulted in typical `V'
shaped plots, and the intersections of the resulting lines
yielded a molar fraction that corresponded to duplex
stoichiometry. We also used these curves to con®rm the
calculated extinction coef®cients of all strands, especially of
the `modi®ed' strand.

Circular dichroism (CD) spectroscopy

The conformation of each single strand and of the 1:1 duplexes
was obtained by simple inspection of their CD spectra. The
CD spectra were obtained on a thermoelectrically controlled
CD spectrometer Model 202-SF (Aviv, Lakewood, NJ) from
400 to 200 nm at a wavelength step of 1 nm and using a 10 mm
quartz cuvette with an absorbance value of 1 at 260 nm.
Typical spectra corresponded to the average of at least three
scans.

Temperature-dependent UV spectroscopy

Absorbance versus temperature pro®les (UV melting curves)
for each duplex were measured at 260 nm with a thermoelec-
trically controlled 14-DS spectrophotometer (Aviv) as a
function of strand, salt and osmolyte concentration. The
temperature was scanned at a heating rate of ~0.6°C/min. The
analysis of the shape of the melting curves yielded transition
temperatures (Tm), which are the midpoint temperatures of the
order±disorder transitions, and model-dependent van't Hoff
enthalpies. More accurate van't Hoff enthalpies were obtained
from the slopes of the lines of 1/Tm versus ln(CT/4) plots,
according to the equation for non-self-complementary oligo-
nucleotides (12): 1/TM = R/DHvH ln(CT/4) + DS/DHvH. The
enthalpy and entropy values are obtained from the slope and
intercept of the resulting line, respectively.

UV melting curves were carried out in the range 5±205 mM
NaCl to determine the thermodynamic release of counterions
(DnNa+) in the unfolding of each duplex. The DnNa+ term is
determined with the following relationship: DnNa+ =
±1.11(DHcal/RTm

2)¶Tm/¶ln[Na+] (13), where 1.11 is a pro-
portionality constant for converting ionic activities into
concentrations and ¶Tm/¶ln[Na+] is the slope of the lines of
the Tm versus ln[Na+] plots. The term in parentheses is a

Scheme 1. Sequence of deoxyribonucleotide and structure of base
modi®cations.
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constant measured in differential scanning calorimetric
experiments and R is the universal gas constant.

Similarly, the thermodynamic uptake (or release) of water
(DnW) was obtained from the dependence of Tm on water
activity according to the equation: DnW = ± (DHcal/RTm

2)¶Tm/
¶lnaW (14), where ¶Tm/¶lnaW corresponds to the slope of the
line of the Tm versus lnaW plots. The activity of water (aW) in
these solutions is changed by using different concentrations of
ethylene glycol, as this co-solute does not interact speci®cally
with DNA (14). The osmolality of each solution was obtained
with a vapor pressure osmometer Model 070 (UIC, Joliet, IL),
which was calibrated with standardized solutions of NaCl.

Differential scanning calorimetry (DSC)

Heat capacity functions of the helix coil transition of each
duplex were measured with a differential scanning calorimeter
Model MC-2 (Microcal, Northampton, MA). Two cells, the
sample cell containing 1.6 ml of a duplex solution (~300 mM
in total strands) and the reference cell ®lled with the same
volume of buffer solution, were heated from 10 to 100°C at a
heating rate of 0.75°C/min. Analysis of the resulting
thermograms, using procedures reported earlier (12) and
assuming a negligible heat capacity effect, yielded standard
thermodynamic pro®les (DHcal, DScal and DG°cal). DHcal and
DScal were measured from the DSC curves according to the
following equations: DHcal = òDCpdT and DScal = òDCp/TdT,
respectively. DG°cal was calculated at 15°C from the Gibbs
relationship: DG°cal = DHcal ± TDScal (12). Shape analysis of
the experimental DSC curve allows us to calculate DHvH

enthalpies according to the equation (12): DHvH = 10.14/[(1/
T1) ± (1/T2)], where 10.14 is a constant for bimolecular
transitions, T1 and T2 correspond to the lower and upper
temperatures, respectively, at half height of the DCp maximum
in the DCp versus T curve. The DHvH/DHcal ratio allows us to
inspect if duplex unfolding takes place in two-state transitions
or through the formation of intermediates. If the DHvH/DHcal

ratio is equal to 1 then the transition takes place in an all or
none fashion (12).

Isothermal titration calorimetry (ITC)

The measurement of the heat for mixing a single strand with
its complementary strand was carried out with the Omega
titration calorimeter from Microcal at 15°C; at this tempera-
ture each duplex forms completely. A solution of the common
strand was used to titrate each of the complementary strands.
A 100 ml syringe was used for the titrant and complete mixing
was accomplished by stirring the syringe paddle at 400 r.p.m.
The strand concentration in the syringe was generally 25 times
higher than the concentration of the complementary strand
(~10 mM) in the reaction cell. These experiments were
designed only to obtain the heat evolved upon the folding of
each duplex.

Density measurements

We used density techniques to measure the apparent molar
volume, for each single strand and duplex, and the volume
change for the folding of each duplex at 15°C. The apparent
molar volume (FV) was calculated using the equation (15):
FV = M/r ± [(r ± ro)/(roC)], where ro and r are the density of
the solvent and solution, respectively, and M is the molecular
weight of the single strand or duplex. The molar volume

change (DV) accompanying the folding of a duplex is
calculated from the equation (16): DV = (m1r1 + m2r2 ±
m12r12)/(m1r1C1), where m and r are the mass and density,
respectively, of each single strand (subscript 1 or 2) and
duplex solutions (subscript 12). All solutions were prepared by
weight and their masses were measured with a Mettler
microbalance with extreme precautions taken to prevent
evaporation of the weighed samples. The density of each
single strand, or duplex, solution was measured with a DMA-
602 densimeter (Anton Paar, Graz, Austria) with two 0.2 ml
cells in a differential set-up. In these batch experiments, one of
the strands with a concentration of ~340 mM was considered as
the limiting reagent. Appropriate annealing of duplexes was
ensured by heating the 1:1 duplex solutions to 50°C and
cooling slowly to the experimental temperature.

The physical meaning of the apparent molar volume (FV) is
based on the following relationship (17): FV = Vm + DVh,
where Vm is the intrinsic molar volume of the solute molecule
and DVh is its hydration contribution. The latter contribution
corresponds to the change in volume of hydrating water,
resulting from the interaction of a solute with water, and the
void volume between the solute molecule and that of the
surrounding water. The Vm value for simple hydrophilic
molecules and oligonucleotides, without signi®cant inner
cavities, remains constant in the absence of signi®cant
conformational changes (18). The hydration effects that take
place in the folding of a non-self-complementary duplex are
simply re¯ected in the changes of FV (DFV). Therefore, the
DFV (or DV) values are simply obtained from their hydration
contributions, i.e. DV = DDVh. This hydration contribution
results from differences in the molar properties of hydrating
water; for instance, the molar volume of water around a charge
is considered to be ~14% smaller than bulk water (19).

Solvent-accessible surfaces were modeled with MOLCAD,
which is a subprogram in SYBYL (Tripos Associates,
St Louis, MO).

RESULTS

Duplex stoichiometry

Continuous variation experiments were used to determine
duplex stoichiometries, as shown in Figure 1. At these two
wavelengths the lines intercepted at mole fractions of 0.492
(`control') and 0.440 (`modi®ed'), which corresponded to
duplex stoichiometries of 1:1 and 1:1.25, respectively. The
deviation from 1:1 stoichiometry of the modi®ed duplex
clearly indicates that the presence of the chemically modi®ed
uridine has affected its molar extinction coef®cient. The
resulting stoichiometry of the unmodi®ed duplex was used to
correct this value by recalculating its extinction coef®cient to
yield a 1:1 stoichiometry. This correction changed the
extinction coef®cient from 108 to 130 (mM-cm)±1.

CD spectroscopy

The CD spectra of each single strand and duplex at 5°C are
shown in Figure 2. The 1:1 duplexes exhibit CD spectra
characteristic of right-handed helices in the B conformation.
The spectra similarity indicates that the incorporation of the
cationic aminopropyl chain does not alter the overall DNA
conformation. In addition, the sum of the single strands
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spectra at high temperature superimposes with the spectra of
the corresponding unfolded duplex at high temperature (data
not shown). These results con®rm the formation of 1:1
duplexes and the accuracy of the calculated molar extinction
coef®cients.

Overall hydration properties of single strands and
duplexes at 15°C

Density techniques were used to measure the apparent molar
volume of each strand and duplex at 15°C. These FV values
(in cm3/nt) are as follows: `common' strand, 94.7; `control'
strand, 101.5; `modi®ed' strand, 119.3; `control' duplex, 99.9;
`modi®ed' duplex, 106.3. Since FV includes contributions
from the van der Waals volume and the hydration volume, the
resulting positive values are consistent with the size of their
average molar masses, which are proportional to their intrinsic
molar volume. The overall hydration effects are small,
however, the magnitude of the FV values suggests that the
modi®ed strand is more hydrated than the other two strands
and that the modi®ed duplex is slightly more hydrated than the
control duplex. The contribution of water in the hydration
shell depends on the type of hydrating water: structural around
organic moieties and non-polar atomic groups or electro-
stricted around charged and polar atomic groups (20±22). In
the case of nucleic acids, the single-stranded bases are more
exposed to the solvent; therefore, on average, the single
strands have a slightly higher structural hydration while the
duplexes have a higher electrostricted hydration. In the
formation of a duplex from mixing its complementary strands,
these hydration contributions tend to compensate each other.

UV unfolding of duplexes

The UV melting curves of the 1:1 duplexes at 260 nm and their
Tm dependences on strand concentration are shown in
Figure 3A. Both melting curves follow the characteristic

sigmoidal behavior for the unfolding of a nucleic acid duplex.
The molecules are in the duplex state up to 18°C, which allows
us to choose 15°C as the experimental temperature for

Figure 2. CD spectra of duplexes (top) and single strands (bottom) in
10 mM HEPES buffer, pH 7.5, at 5°C.

Figure 1. Continuous variation experiments (Job plot) for the determination
of duplex stoichiometry in 10 mM HEPES buffer, pH 7.5, at 19°C. The
wavelengths used are 260 (circles) and 275 nm (triangles).

Figure 3. Thermodynamic characterization of the helix±coil transition of
duplexes in 10 mM HEPES buffer, pH 7.5. Line, `control' duplex; crosses,
`modi®ed' duplex. (A) Typical UV melting curves at a strand concentration
of 25 mM. (Inset) Tm dependence on total strand concentration. Filled
circles, `control'; open circles, `modi®ed'. (B) DSC curves at oligonucleo-
tide strand concentrations of ~300 mM.

3174 Nucleic Acids Research, 2002, Vol. 30 No. 14



volumetric and isothermal calorimetric measurements. At low
salt concentration and at a total strand concentration of
300 mM, the Tm dependence on strand concentration, as shown
in the inset of Figure 3A, yielded Tm values of 39.7°C
(`control' duplex) and 45.7°C (`modi®ed' duplex). The slopes
of these plots yielded DHVH values of 71 (6 10) kcal/mol
(control) and 59 (6 9) kcal/mol (modi®ed), which are in good
agreement with the van't Hoff enhalpies obtained from the
shape of the melting curves (data not shown).

Calorimetric unfolding of duplexes

Typical DSC melting curves for each duplex at similar total
strand concentrations of 300 mM and low salt concentration
are shown in Figure 3B and the resulting unfolding thermo-
dynamic pro®les are summarized in Table 1. Both DSC curves
are broad and monophasic. The Tm value of the modi®ed
duplex is higher by 6°C, which indicates that the incorporation
of a single aminopropyl chain increases the thermal stability of
the duplex at this salt concentration. Another observation is
that we do not measure heat capacity effects between the
initial and ®nal states, which is consistent with our assumption
in calculating unfolding enthalpies and entropies. However, if
apparent heat capacity effects are present, then these are
buried in the experimental curves, which have a noise level of
150 cal/°C mol duplex. Inspection of Table 1 shows that the
melting of each duplex is accompanied by unfavorable free
energy terms resulting from the characteristic compensation of
unfavorable enthalpy and favorable entropy terms. The DHvH

values obtained from the shape of the DSC curves are in good
agreement with the enthalpies obtained from UV melting
curves. Furthermore, we obtained DHvH/DHcal ratios of 1.02
(`control') and 1.04 (`modi®ed') that con®rm that each duplex
is unfolding in a two-state transition.

Thermodynamic release of counterions

UV melting curves at several salt concentrations are shown in
Figure 4A, the increase in the salt concentration resulted in a
shift of the curves to higher temperatures. This is the
characteristic effect of salt stabilizing the duplex state with a
higher negative charge density parameter. The Tm dependence
on salt concentration is shown in Figure 4B for each duplex.
The lines cross at a salt concentration of 80 mM, which
indicates that below this salt concentration the unmodi®ed
duplex is more thermally stable, while at higher salt concen-
trations the control duplex is more stable. The slopes of these
lines are 6.1°C (`control') and 5.2°C (`modi®ed'). Over this
range of salt concentration we obtained counterion releases of
2.38 (`control') and 1.86 mol Na+/mol duplex (`modi®ed').
The overall effect is that the presence of the cationic

aminopropyl chain signi®cantly decreases the overall counter-
ion release by 0.52 mol Na+/mol duplex.

Thermodynamic release of water

UV melting curves at several concentrations of ethylene
glycol in 10 mM HEPES buffer are shown in Figure 5A. The
increase in osmolyte concentration shifts the melting curves to
lower temperatures. The 1/Tm dependence on osmolyte
concentration is shown in Figure 5B for each duplex. The
osmolarity values were converted to water activity using a
calibration curve determined with a vapor pressure osmometer
and the resulting curves for the dependence of 1/Tm on water
activity are shown in Figure 5C. The slopes of these lines are
7.1 3 10±4 (`control' duplex) and 6.6 3 10±4°C (`modi®ed'
duplex), yielding water releases of 24.4 (`control' duplex) and
21.5 mol H2O/mol duplex (`modi®ed' duplex). The increase in
osmolyte concentration lowers the activity of water, which in
turn shifts the helix±coil equilibrium towards the least
hydrated state; therefore, the incorporation of the cationic
aminopropyl chain slightly decreases the release of water
molecules.

Table 1. Thermodyamic pro®les for the unfolding of duplexes

Differential scanning calorimetry UV melting curves
Tm (°C) DG°cal

(kcal/mol)
DHcal

(kcal/mol)
DHvH

(kcal/mol)
TDScal

(kcal/mol)
DHvH

(kcal/mol)
DnNa+

(per duplex)
DnW

(per duplex)

`Control' duplex 39.7 5.4 68.6 70 63.2 71 2.4 24.4
`Modi®ed' duplex 45.7 6.2 64.5 67 58.3 59 1.9 21.5

All experiments were done in 10 mM HEPES buffer, pH 7.5. The Tm (6 0.5°C) corresponds to a total strand concentration of 300 mM. Experimental errors
for each parameter are as follows: DHcal, 3%; DG°cal and TDScal, 5%; DHvH, 10%; DnNa+, 6%; DnW, 8%.

Figure 4. UV melting curves of oligonucleotides, at a constant strand con-
centration of 5 mM, as a function of salt concentration in 10 mM HEPES
buffer, pH 7.5. (A) Typical melting curves over the NaCl concentration
range 5±205 mM. (B) Dependence of Tm on salt concentration. Filled
circles, `control'; open circles, `modi®ed'.
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Thermodynamic pro®les for the formation of duplexes

In order to obtain complete thermodynamic pro®les for the
formation of each duplex at 15°C, titration and batch
experiments were performed to obtain directly the DHITC

and DV parameters, respectively. The resulting parameters are
shown in Table 2. We measured exothermic enthalpies for the
formation of each duplex; the `control' duplex yielded a
higher heat by 8.8 kcal/mol duplex. However, these enthalpies
are lower in magnitude than the corresponding unfolding
enthalpies, by 2.9 (`control') and 7.6 kcal/mol (`modi®ed').
The reason for this discrepancy is that at low temperatures the
contributions of base±base stacking interactions of the single
strands need to be considered, as has been shown earlier with

other duplexes (22±25). The overall effect indicates that at
15°C the `modi®ed' strand has a larger endothermic contri-
bution than the `control' strand and means that base stacking
interactions in the `modi®ed' strand are more pronounced or
simply this particular strand is more ordered.

Furthermore, the formation of the control duplex yielded a
volume expansion (positive DV), while the modi®ed duplex
yielded a volume contraction (negative DV). The DV term at
constant temperature and pressure results from the net change
in the molar volume of water and is essentially the net change
in compression of the water dipoles in response to inter-
molecular solute±solute interactions. Thus, the equilibrium DV
values are indicative of a net release of water molecules
(`control') and uptake of water (`modi®ed').

In order to discuss the heat and hydration effects appro-
priately and to correlate them with standard thermodynamic
pro®les, the DG°cal, TDScal and DnNa+ unfolding parameters
were extrapolated to 15°C by using the enthalpy factor, DHITC/
DHcal (25,26). This correction factor takes into account the
contribution of single-strand stacking interactions. For
instance, extrapolated parameters were obtained with the
relationships: DG° = DG°cal(DHITC/DHcal) and TDS = DHITC ±
DG°. Complete pro®les for the formation of duplexes at 15°C
are shown in Table 2. The favorable folding of each duplex
results from the characteristic compensation of a favorable
enthalpy with an unfavorable entropy term. The favorable
enthalpy term corresponds to exothermic contributions of base
pairing and base pair stacking interactions and endothermic
contributions of the release of electrostricted water molecules
and/or uptake of structural water. The unfavorable entropy
contributions are the result of the conformational rearrange-
ment of the bimolecular association of two strands and the
uptake of counterions and uptake of water molecules in the
case of the `modi®ed' duplex.

DISCUSSION

Duplex design and stoichiometry

In this work, the sequences of the oligonucleotide strands were
chosen to form non-self-complementary duplexes exclusively.
UV melting curves of the individual single strands con®rmed
that these strands do not form intramolecular hairpin structures
(data not shown); however, their hyperchromicities below
20°C are above the characteristic 3% changes of a random
coil. This indicates some degree of base stacking interactions
of the single strands at low temperatures.

The `modi®ed' duplex contained an aminopropyl chain at
the C5 position of a pyrimidine base, which is a convenient
position for the attachment of chemical groups of different
sizes without adversely affecting the formation of a duplex

Table 2. Thermodynamic pro®les for the folding of duplexes at 15°C

DHITC (kcal/mol) DV (cm3/mol) DG° (kcal/mol) TDS (kcal/mol) DnNa+ (per duplex)

`Control' duplex ±65.7 34.7 ±5.2 ±60.5 ±2.3
`Modi®ed' duplex ±56.9 ±16.7 ±5.5 ±51.4 ±1.7

All experiments were done in 10 mM HEPES buffer, pH 7.5. The DG° term was corrected by the DHITC/DHcal factor while the TDS term was calculated from
the Gibbs relationship. Experimental errors for each parameter are as follows: DHITC, 3%; DV, 5%; DG° and TDS, 5%; DnNa+, 6%.

Figure 5. UV melting curves of oligonucleotides, at a constant strand con-
centration of 3 mM, as a function of osmolyte concentration in 10 mM
HEPES buffer, pH 7.5. (A) Typical melting curves of the `control' duplex
over the ethylene glycol molal concentration range 0.6±3 mol/kg of solvent.
(B) Dependence of 1/Tm on ethylene glycol concentration. Filled circles,
`control'; open circles, `modi®ed'. (C) Dependence of 1/Tm on water
activity. Symbols as in the previous plot.
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(27). The modi®ed uridine was placed in the middle of the
duplex to ensure that interactions of this substituent with DNA
atomic groups take place in either the 5¢ or 3¢ direction.
However, earlier electrostatic footprinting (28) and molecular
modeling calculations have indicated that this aminopropyl
chain faces the major groove in the 3¢ direction of the modi®ed
strand (29,30). This observation has been con®rmed recently
in NMR investigations of the solution structure of a DNA
dodecamer duplex containing this base modi®cation (31).

We have checked the molar extinction coef®cients of the
single strands in order to obtain accurate solution concentra-
tion of the strands and duplexes, which in turn would yield
accurate thermodynamic parameters. The presence of the
aminopropyl chain affected the extinction coef®cient of the
modi®ed strand, yielding deviations from a 1:1 stoichiometry.
The overall effect is due to the electron withdrawing properties
of the aminopropyl chain that is affecting the electron
delocalization of the uridine aromatic ring. This molar
extinction coef®cient was corrected and doubled checked in
the CD experiments. We obtained a superimposition of the
CD spectrum of the melted 1:1 duplex, at 70°C, with the CD
spectrum of the sum of the individual strands.

Thermodynamic unfolding pro®les

In the temperature unfolding of a nucleic acid duplex, it is
important to take into account all the physical and chemical
contributions from each of the participating species. These
contributions include: base pairing and base pair stacking of
the duplex at low temperatures, base±base stacking of the
single strands at high temperatures and the differences in the
counterion and water binding between the duplex and single
stranded states. Complete thermodynamic pro®les for the
unfolding of each duplex are shown in Table 1. The unfolding
of each duplex is accompanied by unfavorable free energy
terms, a compensation of an unfavorable enthalpy with a
favorable entropy contribution and the release of counterions
and water molecules. The observed endothermic enthalpies
result primarily from the endothermic heats for disrupting base
pairs and base pair stacks of the duplex, relative to the
remaining base±base stacking of the single strands at 80°C, if
any. The release of electrostricted water by the duplex and
uptake of structural water by the single strands may also
contribute with endothermic heats (32,33). However, the
release of counterions from the duplex is normally considered
to have a negligible heat contribution (34). The favorable
entropy contributions in the unfolding of a duplex correspond
to the bimolecular dissociation of a duplex into two strands
and the net release of counterions and water molecules.

To discuss the physical effects for the incorporation of a
cationic chain in DNA, we initially used the thermodynamic
unfolding pro®les, which allowed us to set up a thermo-
dynamic cycle. In this Hess cycle, the contribution of the
`common' strand cancels out exactly; the species with an
asterisk represent the `modi®ed' strand or duplex while the

species without an asterisk represent `control' strand or
duplex. The resulting reaction is shown below:

duplex(aNa+, vH2O, 15°C) + strand*(bNa+, xH2O, 80°C)
® duplex*(cNa+, yH2O, 15°C) + strand(dNa+, zH2O, 80°C)
+ DDnNa+Na+ + DDnWH2O

In this reaction, each duplex or single strand contains both
associated counterions and water molecules at the indicated
temperatures. The DDnNa+ and DDnW terms correspond to the
differential ion and water releases, respectively. The ®rst row
of Table 3 shows the resulting differential thermodynamic
pro®le pertaining to the above reaction. In 10 mM HEPES
buffer (or 5 mM Na+), the higher Tm value of the modi®ed
duplex, by 6°C, corresponds to a small favorable DDG°cal

term. The unfavorable DDHcal term is also small and
corresponds to differences in base pairing and base pair
stacking contributions among these two duplexes. Therefore,
the stabilizing effect for the incorporation of a single
aminopropyl chain in DNA is primarily driven by a favorable
entropic contribution. Since the bimolecular dissociation of
each duplex is contributing equally, this entropic effect is due
to the lower release of counterions and water by the unfolding
of the modi®ed duplex. Furthermore, this stabilization is
electrostatic in nature, because it gradually disappears with
increasing salt concentration, as shown by the crossover lines
of Figure 4B.

The sign of the relatively small differential enthalpy±
entropy compensation term is similar to the sign of the
unfolding volume change (positive DDnW), which indicates
the empirical involvement of electrostricted water (19). This
means that the incorporation of the aminopropyl chain is
accompanied by a release of nearly 3 mol electrostricted H2O/
mol duplex. However, if the enthalpy term (4.1 kcal/mol) is
fully assigned to hydration changes, then we estimate a higher
removal of water (~14 6 7 mol) from this heat exchange,
based on a molar heat of 0.3 kcal/mol H2O (32). The
discrepancy in the number of water molecules released may be
explained in terms of hydration differences among the single
strands and duplexes and/or actual differences in stacking
interactions, as will be explained in the following paragraph.

Relative to the duplex state, the single strands at 80°C may
be considered as true random coils with a higher degree of
structural hydration that is due to the exposure of aromatic
rings to the solvent. The presence of the aminopropyl group in
the modi®ed strand would render it slightly more hydrated if
this group is completely exposed to the solvent. However, the
heat contribution to this hydration is the result of the
compensation of an endothermic contribution, by the struc-
tural hydration of the propyl group, and an exothermic
contribution, by the electrostricted hydration of the amino
charged group. On the other hand, the differential enthalpy
term may be explained in terms of a small decrease in
stacking interactions by the modi®ed duplex, resulting from
conformational changes, such as the induction of a small and

Table 3. Differential thermodynamic pro®les for the incorporation of a cationic chain in DNA

DTM (°C) DDGcal (kcal/mol) DDHcal (kcal/mol) D(TDS) (kcal/mol) DDnNa+ (per duplex) DDnW (per duplex)

Duplexes 6.0 ±0.8 4.1 4.9 0.52 2.9
Hairpins 0.6 0.1 0.0 ±0.1 0.11 1.2
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local bend. Therefore, the expectation is that the decrease in
stacking interactions results from a partial exposure of DNA
bases to the solvent that immobilizes structural water, which
would be accompanied by endothermic heat. The overall
enthalpy effect in this case is that the loss of stacking
interactions is enhanced by the uptake of structural water by
the modi®ed duplex and release of electrostricted water by the
control duplex. Furthermore, the uptake of structural water by
the modi®ed duplex at 15°C may disappear with an increase in
temperature, and this may well be the reason that this
additional structural hydration is not detected by the osmotic
stress technique.

For the interpretation of the lower ion release by the
modi®ed duplex, we suggest that this effect takes place mainly
at the duplex level, since the particular conformation of the
random coils can be considered similar at high temperatures.
The presence of the cationic charged chain in the major groove
of this duplex causes a reorganization of the groove counter-
ions around the tethered amine group. The chain would
displace counterions and water molecules and the amino
charge would partially neutralize negative charges. The
combined effects would yield a net unscreening of the
backbone phosphates that causes a collapse of the sugar±
phosphate backbone towards the major groove accompanied
by a small and local decrease in base stacking interactions
around the amino charge, as proposed by Rouzina and
Bloom®eld (35). These contributions may be quanti®ed, if
we use the counterion release of ±2.03 mol Na+/mol duplex
obtained for the unfolding of a duplex containing a similar
3-hydroxypropyn-1-yl uridine side chain modi®cation
(L.Marky, unpublished results). The effect of the amino
charged end is to neutralize through a Coulombic interaction
~0.17 mol Na+/mol duplex while the propyl chain would
displace ~0.35 mol Na+/mol duplex.

The overall results are consistent with recent results in the
literature that discussed the incorporation of an aminopropyl
chain in the stem of a DNA hairpin (36). This set of DNA
hairpin loops and the set of duplexes in this work have one
thing in common in that the aminopropyl chain is located in a
similar base pair environment, CGAC/GU*CG. The second
row of Table 3 shows a complete differential thermodynamic
pro®le for the hairpin set (36). The incorporation of the
cationic chain in the hairpin did not induce a thermal
stabilization at a similar salt concentration and did not lower
the magnitude of the unfolding enthalpy. In addition, the
crossover of their Tm dependence on salt takes place at a lower
salt concentration of 31 mM and the release of counterions
(36) and water is lowered, as shown in Table 3. The observed
differences in these two sets of molecules are explained in
terms of their thermal stability; the Tm values of the hairpins
are ~64°C while the duplexes melted in the range 39.7±45.7°C
(this work). The 21.3°C increase in the thermal stability of the
hairpins may well render their stems more ¯exible, eliminat-
ing any differential contribution from stacking interactions. In
addition, it is expected that local distortions would have larger
effects in a linear duplex because its shape is better
represented as a rod rather than in the ellipsoid shape of a
hairpin. Local distortions in a sphere will have little impact, if
any, on the global conformation of the molecule, while local
distortions in a rod will have larger effects on its global
conformation. It is also predicted that shifting the Tm value of

the `modi®ed' duplex to higher temperatures, by increasing
the salt concentration to 80 mM, would eliminate this
differential enthalpy because the increase in salt would
strengthen base pair stacking.

Thermodynamic folding pro®les at 15°C

Table 2 shows complete thermodynamic pro®les for the
formation of each duplex at 15°C, a temperature at which both
duplexes formed completely. DHITC and DV are measured
directly while the DG° and TDS parameters correspond to
those obtained in unfolding experiments but corrected for the
endothermic contribution of the disruption of single strand
base stacking interactions prior to duplex formation, as
previously reported for a variety of duplexes (22,24,25). The
formation of each duplex is favorable at this temperature and
results from the characteristic compensation of a favorable
exothermic heat with an unfavorable entropy contribution.
The favorable heats also include endothermic contributions of
base±base stacking interactions of the single strands. The
unfavorable entropy contributions are consistent with the
bimolecular association of two strands and uptake of counter-
ions. However, the release of water (positive DV) in the
formation of the control duplex contributes with a favorable
entropy term while the uptake of water (negative DV) by the
modi®ed duplex contributes with an unfavorable entropy
contribution.

The thermodynamic and hydration contributions for the
incorporation of the cationic chain in DNA is best seen by
using a thermodynamic cycle, similar to the one used above for
the unfolding reactions. This reaction at 15°C is shown below:

control duplex(Na+, H2O) + modi®ed strand(Na+, H2O)
+ xNa+ + yH2O ® modi®ed duplex(Na+, H2O)
+ control strand (Na+, H2O)

For this reaction we obtained a marginally favorable DDG° of
±0.3 kcal/mol resulting from the compensation of an unfavor-
able DDHITC of +8.8 kcal/mol with a favorable D(TDS) term of
+9.1 kcal/mol and the uptake of water molecules, DDV =
±51.4 cm3/mol. The differential entropy term is consistent
with a net counterion release of 0.6 mol Na+/mol duplex;
therefore, the `xNa+' term should be on the right hand side of
the above equation.

The DDHITC value of +8.8 kcal/mol indicates base stacking
and hydration differences not only between the two duplexes
but also between the `control' and `modi®ed' strands, because
its value is 4.3 kcal higher than the DDHcal term obtained from
the unfolding pro®les. Therefore, this contribution of 4.3 kcal
corresponds to the incorporation of the aminopropyl chain in
the single strand at 15°C, which yields increases in both base
stacking interactions and electrostricted hydration in the
`modi®ed' single strand. These effects are consistent with
the presence of a tethered amino charge that directly or
indirectly neutralizes charge on the phosphate backbone,
allowing closer proximity of the aromatic bases. The remain-
ing 4.5 kcal corresponds to differences in base pair stacking
and hydration contributions among the two duplexes.

The localized action of the aminopropyl chain also results in
an increased differential release of counterions at 15°C. As
low temperatures may decrease duplex ¯exibility, the
interactions of the cationic side chain and the DNA grooves
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are expected to be more localized at 15°C. Therefore, the
effect of the cationic chain is more pronounced at this
temperature, yielding perhaps larger differences in stacking
interactions among the duplexes.

At 15°C the DDV of ±51.4 cm3/mol is in good agreement
with a DDV of ±55.0 cm3/mol estimated from absolute
measurements of the apparent molar volume of all species
involved in this reaction and assuming that all strands have
similar van der Waals volumes. The negative sign of this term
indicates that there is a net uptake of water molecules for this
reaction. Furthermore, the sign of the DDHITC±D(TDS) com-
pensation is opposite to the sign of the DDV term, which
empirically indicates an uptake of structural water (19,26,37).
This DDV term overrides the small release of electrostricted
water obtained from the unfolding pro®les, but at 15°C
includes two hydration contributions: the differential hydra-
tion between the modi®ed and control strands and the
differential hydration of the two duplexes. The values of the
apparent molar volume for each species indicated that the
modi®ed strand and duplex are more hydrated than the control
strand and duplex, respectively. Therefore, the net uptake of
structural water is due to the uptake of water by the modi®ed
duplex that overrides the release of water by the modi®ed
strand. Unfortunately, a calculation of the number of water
molecules involved cannot be done because we do not know
the molar volume of structural water.

The overall uptake of structural water by the modi®ed
duplex is consistent with the decrease in stacking interaction
indicated by the lower unfolding enthalpy of this duplex. This
suggests that the incorporation of an aminopropyl chain in a
DNA duplex induces a higher exposure of non-polar groups to
the solvent. One possibility is that the observed decrease in
stacking interactions is due to a DNA deformation induced by
the presence of the cationic side chain that partially neutralizes
negative charges generating a small and local helical bend, as
has been shown by gel mobility studies (6).

The greater exposure of non-polar groups or aromatic bases
to the solvent, with the concomitant immobilization of
structural water, is consistent with previous investigations of
bent duplexes from in laboratory (19,26,37). These systems
include duplexes with AT tract sequences (19) and duplexes
containing benzo[a]pyrene (26) or cisplatin (37) adducts. The
presence of a bend in these systems has been con®rmed
indirectly by gel mobility studies (38±40) or directly by NMR
and X-ray crystallographic investigations (41,42).

Furthermore, these results are in good agreement with a
recent NMR solution investigation of the [d(CGCGAA-
TU*CGCG)]2 duplex containing an aminopropyl deoxy-
uridine at each CGAA/TU*CG base pair stack environment
(31). NMR analysis of this modi®ed Dickerson dodecamer
indicates a classical B-DNA structure with normal
Watson±Crick base pairing interactions: no signi®cant
deviations for 1H chemical shifts were observed with the
3-aminopropyl side chain (31). The sequential NOE con-
nectivities were observed for all base steps and no NOE peaks
exhibited unusual intensities. The observation of the imino
resonance of the 3-aminopropyl deoxyuridine nucleotide is
evidence that the residue is Watson±Crick hydrogen bonded
and stacked in the helix. However, rMD calculations based on
the NMR data and electrostatic footprinting (28,29) predict
that the ammonium group is proximate to the electronegative

center at the O6 position of G10, which requires the modi®ed
dodecamer to be bent. The back calculation of NOE data using
the bent duplex indicated that the bent structure is consistent
with all the available NOE data.

To understand how the aminopropyl-induced bending of the
DNA would affect the hydrophobic surface exposed to
solvent, the accessible surfaces of the NMR structures (linear
and bent) were determined. The surface areas for the bent
(constrained) and linear (unconstrained) NMR structures were
3631 and 3587 AÊ 2, respectively. This gives an increase of
25 AÊ 2 per modi®ed residue since there are two cationic side
chains in the self-complementary duplex. The same type of
surface analysis was done using the same DNA structures
except that the aminopropyl side chain was replaced by a
hydrogen atom to eliminate any effect due to the location of
the side chain in the major groove. In this case, the bent
structure has ~33 AÊ 2 more surface area per modi®ed residue
than the linear structure. Therefore, the bent structure from
NMR is consistent with the conclusion from the thermo-
dynamic studies that the modi®ed DNA is associated with
more structured (hydrophobic) water.

CONCLUSIONS

We have used a combination of spectroscopy, calorimetry and
density techniques to investigate the overall energetics and
hydration properties for the incorporation of a cationic
aminopropyl chain in a DNA duplex. This modi®cation
induces DNA deformation as measured by gel mobility and
NMR solution studies (6,31). In low salt buffer and relative to
the control duplex, our results demonstrate that the single
incorporation of a cationic chain yielded a more stable duplex,
which unfolds with a lower endothermic heat, lower release of
counterions and a lower release of electrostricted water. Thus,
this stabilization is entropy driven as a result of an electrostatic
effect because it gradually disappears as the salt concentration
is increased. Complete thermodynamic pro®les for the
formation of each duplex were obtained at 15°C by mixing
their respective complementary strands. The favorable form-
ation of each duplex yielded the typical compensation of a
favorable enthalpy with an unfavorable entropy contribution,
which is consistent with an uptake of counterions. However,
the isothermal pro®les yielded a differential enthalpy of
8.8 kcal/mol, which is 4.3 kcal/mol higher than the differential
enthalpy observed in the unfolding pro®les. This shows that
the presence of the aminopropyl chain in the DNA major
groove induces an increase in base stacking interactions in the
modi®ed single strand and a decrease in base stacking
interactions in the modi®ed duplex. Furthermore, the folding
of the `control' duplex releases water while the `modi®ed'
duplex immobilizes water molecules. The main effects for the
incorporation of the cationic chain into a DNA duplex are best
understood from inspection of a thermodynamic cycle, in
which the formation of the control duplex is used as the
reference reaction. We obtained a marginally favorable DDG°
term, a positive DDHITC±D(TDS) compensation, negative DDV
and a net release of counterions. The opposite signs of the
differential enthalpy±entropy compensation and differential
volume change terms indicate a net uptake of structural water,
which is consistent with a higher exposure of non-polar groups
to the solvent. Therefore, the incorporation of the cationic chain
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in the major groove of a DNA duplex displaces counterions and
screens the local phosphates, inducing a greater exposure of the
aromatic bases to the solvent and suggesting the presence of a
small local bend in the modi®ed duplex.
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