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ABSTRACT: DNA duplexes are stabilized by aminopropynyl modification of pyrimidines at the 5 position.
A combination of thermodynamic analyses as a function of ionic strength, NMR, and molecular modeling
has been applied to determine the origin of the stabilization. UV melting studies of a dodecamer bearing
one, two, or three nonadjacent modified dU and dC and of a single dU(8) in the Dickerson-Drew
dodecamer revealed that the modifications are essentially additive in terms ofTm, ∆G, and∆H, and there
is little difference between dU and dC. The free energy change was parsed into electrostatic and
nonelectrostatic components, which showed a significant contribution from charge interactions at
physiological ionic strength but also a nonelectrostatic contribution that arises in part from hydration.
NMR spectroscopy of the modified Dickerson-Drew dodecamer revealed that the conformation of the
duplexes is not significantly altered by the modifications, though31P NMR shows that the positive charge
may affect ionic interactions with the oxygen atoms of the neighboring phosphates. The modified duplex
showed significant hydration in both major and minor grooves. The single strands were also analyzed by
NMR, which showed evidence of significant stacking interactions in the modified oligonucleotide. Parsing
the energy contribution has shown that electrostatics and hydration can produce substantial increases in
thermodynamic stability without significant changes in the conformation of the duplex state. These
considerations have significance for the design of oligonucleotides used for hybridization.

Chemical modification of nucleic acids is an area of
intense interest both as a means to understanding the origins
of stability of nucleic acids and for biotechnological purposes
in improving the thermodynamic and biochemical properties
of oligonucleotides that may be used therapeutically (1, 2).

There are many possibilities for chemically modifying
nucleic acids without disrupting the specific base pairing,
including sites on the bases, on the sugars, or on the
phosphates. Ideally, it is desirable to change physical
properties such as enhanced thermodynamic stability, main-
tain good solubility in different solvents, and decrease
susceptibility to nucleases. We have been developing modi-
fications of the bases, particularly at the 5 position of
pyrimidines, with a view to stabilizing duplexes and triple
helices (3-7).

One particularly promising base modification is the
propyne group at the C5 of pyrimidines. This has been shown

to have a strong stabilizing effect on DNA‚RNA hybrids (3-
7) and on DNA triple helices (8-12). Additional function-
alization of the propyne group leads to further stabilization.
For example, the aminopropynyl group clearly increases the
stability of duplexes and triplexes significantly, presumably
by additional electrostatic interactions (8, 12). However, a
detailed parsing of the free energy of stabilization of nucleic
acids bearing such modifications has not been reported, so
the true origins of the effect remain speculative. To optimize
future synthetic efforts, we have undertaken an extensive
thermodynamic and conformational analysis of the stabiliza-
tion of DNA duplexes by aminopropynyl modifications.

There are numerous possibilities to account for the
observed stabilization, including effects of the modification
on major groove hydration, changes in stacking energies due
to alteration of the electronic structures of the modified bases,
electrostatic interactions between the charged modifications
and the phosphodiester backbone, and differences in structure
of the component strands (e.g., preorganization). We have
designed experiments and computational strategies to test
these possibilities. We are able to show the amino group
does indeed impart a favorable electrostatic interaction, and
we are able to quantify this contribution as a function of
ionic strength. We have also determined the conformational
and hydration properties of duplexes bearing different
modifications using high-resolution NMR spectroscopy and
molecular modeling techniques. As we are interested in
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thermodynamic stability, we have also examined the influ-
ence of the modifications on the single strands.

MATERIALS AND METHODS

Materials

DNA Synthesis and Purification.The modified nucleotides
(Figure 1) were prepared as follows: 5-aminopropynyl-dU
was synthesized using either 2,2,2-trifluoro-N-(prop-2-ynyl)-
acetamide (13) or 3-phthalimido-1-propyne (14, 15). Di-
methylaminopropynyl-dU was synthesized according to ref
16 using 3-(N-dimethylamino)-1-propyne. Aminopropynyl-
dC was synthesized as described (15). The dimethylamino-
propynyl-dC nucleoside is novel and was synthesized as
described in the Supporting Information.

All oligonucleotides were synthesized on an ABI 394 DNA
synthesizer using a standard 1.0 mmol phosphoramidite cycle
(four syntheses per oligonucleotide). Cleavage from the solid
support and deprotection were carried out using 10%
methylamine in water (2 mL) containing phenol (5 mg) for
36 h at room temperature. Products were purified by
reversed-phase HPLC [column: ABI C8 (octyl), 8 mm×
250 mm, pore size) 300 Å] (buffer A, 0.1 M ammonium
acetate, pH 7.0; buffer B, 0.1 M ammonium acetate with
20% acetonitrile, pH 7.0). Gradient time in minutes (% buffer
B): 0 (0); 3 (0); 5 (20); 21 (100); 25 (100); 27 (0); 30 (0).
UV detection was at 290 nm. Mass data were obtained for
all oligonucleotides using a MALDI-TOF ThermoBioAnaly-
sis Dynamo mass spectrometer in positive ion mode using a
3-hydroxypicolinic acid/picolinic acid (4:1) matrix with 50%
aqueous acetonitrile solvent.

The following strands were prepared for thermody-
namic and NMR analyses: (1) d(G1C2T3A4T5C6T7A8-
T9C10T11G12) (positions were modified at T7, T7+ T9,
and T7+ T9 + T5 with either aminopropynyl- or dimethyl-
aminopropynyl-dU and separately at C6, C6+ C2, and C6
+ C2 + C10 with either aminopropynyl- or dimethylami-
nopropynyl-dC); (2) d(C1A2G3A4T5A6G7A8T9A10G11-
C12); (3) d(CGCGAATT*CGCG)2 (where T* is either
aminopropynyl- or dimethylaminopropynyl-dU).

Methods

Thermodynamics.All UV melting experiments were
carried out in a Cary 400 UV/visible spectrometer with a
Cary Peltier temperature controller. The standard buffer was
0.1 M NaCl, 0.001 M EDTA, and 0.01 M sodium phosphate,

pH 7.0. The influence of ionic strength was determined by
systematically changing the concentration of NaCl in the
solution, under otherwise constant buffer conditions.

The thermodynamic parameters were determined in two
ways. First, at constant ionic strength, in the standard buffer
conditions, theTm was estimated from the maximum in the
first derivative curve, dA/dT, as a function of strand
concentration. For dodecamers, the error involved in measur-
ing Tm by this method is small, as verified by independent
curve-fitting methods (see below). The∆H and∆S values
were then obtained by van’t Hoff analysis according to

wherest is the strand concentration andr is unity for self-
complementary duplexes and 0.25 for noncomplementary
duplexes.∆H and ∆S determined by this method were in
good agreement with the values obtained by curve fitting.

∆Cp is implicitly assumed to be zero in eq 1. The value
of ∆Cp per base pair has been variously estimated to be in
the range 40-80 cal/(mol‚K) (17-22). Over a moderate
range of temperatures, the enthalpy determined from the van’t
Hoff plot (eq 1) is equivalent to the enthalpy at the middle
of the range. However, for the extended temperature range
encountered over a wide range of salt concentration, the
nonzero value of∆Cp may need to be considered (4).

In addition, complete melting curves were analyzed using
Meltwin (23) and software written in-house, using sloping
baselines to obtain optimal agreement with the data.

whereεD is the absorption coefficient of the duplex,εS is
the absorption coefficient of the strands,st is the total strand
concentration,s is the strand concentration, and∆ε is the
difference absorption coefficient. At high salt concentration
(e.g., 1 M), the pre- and posttransition baselines are es-
sentially flat. However, at lower concentrations of salt, the
baselines have a significant slope, and therefore additional
terms are required to fit the optical data reliably.

The dissociation constant

For sA ) sB, the strand concentration,s, is

FIGURE 1: Chemical structures of the modified nucleotides: R) H, aminopropynyl; R) CH3, dimethylaminopropynyl.

1/Tm ) ∆S/∆H - (R/∆H) ln[rst] (1)

A(260)) 0.5εDst + ∆εs (2)

K ) sAsB/d (3)

s ) 0.25(-K + [K2 + 8Kst]0.5) (4)
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and

whereT is a reference temperature, e.g., theTm.
All model fitting implicitly assumes a two-state melting

process. Good agreement was obtained for the two methods
of data analysis. The curve-fitting method was then used to
determine the influence of salt concentration on stability at
a fixed concentration of DNA duplex. Errors were estimated
from the nonlinear regression analysis.

We aim to parse the free energy and its components into
the polyelectrolyte and nonpolyelectrolyte effects by varying
the ionic strength. The modified bases are expected to bear
a net positive charge at pH 7, as the pK of the aminopropynyl
group should be>8, and this will be raised by interaction
with the negative charge of the phosphates (see below).

The influence of ionic strength was assessed using the
Record formalism (24-26). Briefly, the melting temperature
is expected to increase with increasing ionic strength because
of a combination of ion condensation and ionic strength
effects, which is purely entropic in origin. Thus

whereús,d ) e2/εkTrs,d are the condensation parameters for
single strands and duplex, respectively, andN is the number
of phosphates (22 for a dodecamer duplex).e is the electronic
charge,ε is the dielectric permittivity,k is Boltzmann’s
constant, andr is the axial rise. For a B-DNA-coil transition,
[(1/ús - 1)/úd] ≈ 0.27 at 310 K.

This provides estimates of the number of charges involved
in the transition, which should differ for the aminopropynyl-
modified duplexes as these groups bear a positive charge.
This formalism was developed for long uniform polymers,
which clearly does not apply exactly to a short DNA
sequence. Recently, the end effects for oligonucleotides have
been analyzed (27); for DNA duplexes of>10 bp, the
apparent number of charges is around 10% lower than for
an infinite polyelectrolyte. Hence, for estimating the inclusion
of positive charges into the same duplex, i.e., changes in
electrostatics, this formalism is adequate. It also indicates
that the derived electrostatic contribution should be entirely
entropic. To the extent that the two-state transition is not
obeyed at low ionic strength, there may also be ionic strength
effects on enthalpy changes as well as on entropy changes.

The distinction between nonelectrostatic and polyelectro-
lyte effects is easiest to make at 1 M salt, where all of the
electrostatics effects are shielded. The value of∆G at 1 M
salt is the nonpolyelectrolyte contribution, and the difference
between this value and that at any other ionic strength (but
the same temperature) is the polyelectrolyte contribution at
that ionic strength. Hence one might expect smaller differ-
ences in∆G at 1 M salt for the unmodified and modified
duplexes than at lower ionic strength where the electrostatic
contributions are relatively more important. However, it
should be noted that at high salt concentrations, e.g., 1 M,
the water activity is less than 55.5 M because the ions are
solvated. Because the duplex/strand transition is associated
with a change in hydration, the high salt concentration may
also affect the equilibrium through changes in water activity
(24, 28). In this instance, extrapolation from lower salt

concentration to 1 M may give a less biased estimate of the
polyelectrolyte effects, and the deviation between the ex-
trapolated value and the observed value at 1 M salt may give
an indication of the importance of hydration differences
between the duplex and strand states.

The dissociation constant for a duplex can be written as

n is the number of water molecules released,k is the number
of counterions released on dissociation,as1, as2, aD, aw, and
aM are the activities of strands 1 and 2, the DNA duplex,
water, and cation, respectively. If the dissociation constant
is measured in terms of concentrations, then the true
dissociation constant

whereK0 is the dissociation constant in terms of concentra-
tions andKγ is the ratio of the activity coefficients,γ, of the
DNA duplex and strands.

As the concentration of sodium chloride is varied, the
activity of the water and of the DNA is affected, and the
dependence of the dissociation constant on the salt activity
is

The first term on the right-hand side of eq 9 is the nonideality
effect of salt on the DNA, the second term represents the
decrease in water interaction due to replacement by salt, the
third is the nonideality term from salt-water interactions,
and the final term is the electrostatic salt-salt nonideality
effect. The effect of salt on activities of solute and salt is
accounted for by the Record-Manning condensation analysis
(see above). The effect of salt on water activity can be
accounted for if the water activity as a function of salt
concentration is known. Fortunately, this has been tabulated,
and the function is essentially linear up to>1 M sodium
chloride with a slope daw/d[Na] ) -0.049 M-1. The
remaining uncertainty then is the number of water molecules
taken up on association. In polynucleotides, approximately
4 water molecules are released per base pair on unfolding
(28). Thus about 48 waters should be taken up on forming
the dodecamer duplex, indicating a rather strong dependence
of the free energy on water activity. This effect counteracts
the stabilization of the duplex by increasing salt concentra-
tion.

NMR Sample Preparation. HPLC-purified DNA was
lyophilized for storage, then redissolved in phosphate buffer,
pH 7, annealed from 90°C, dialyzed against 0.1 M NaCl
and 10 mM sodium phosphate, pH 7, lyophilized, and then
brought to 10% D2O + 0.05 mM DSS1 (internal reference)
for NMR analysis. NMR spectra were recorded at 14.1 or

1 Abbreviations: DSS, 2,2′-dimethylsilapentanesulfonate; HSQC,
heteronuclear single-quantum coherence; DQF-CSY, double-quantum-
filtered correlation spectroscopy; NOE, nuclear Overhauser enhance-
ment; TOCSY, total correlation spectroscopy; GB/SA, generalized Born/
surface area; PRCG, Polak-Ribier conjugate gradient.

K(T) ) K0 exp(∆H/R(1/T - 1/T0)) (5)

∂(1/Tm)/∂ ln(I) ) (R/∆H°)(N/2)[(1/ús - 1)/úd] (6)

K ) (as1as2/aD)aw
naM

k (7)

K ) K0Kγw
nmkγw

nγM
k (8)

∂ ln K/∂ ln [Na+] ) ∂ ln Kγ/∂ ln [Na+] +

n ∂ ln w/∂ ln [Na+] + n ∂ ln γw/∂ ln [Na+] +

k ∂ ln γNa/∂ ln [Na+] (9)
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18.8 T on four-channel Varian Inova spectrometers, using
an inverse triple resonance probe (HCP at 14.1 T, triaxis
pfg HCN at 18.8 T). NOESY and TOCSY spectra were
recorded in H2O (11 °C), after which the samples were
lyophilized and redissolved in D2O. NOESY spectra at two
mixing times, DQF-COSY, and natural abundance C-13
HSQC+ P-31 HSQC spectra were recorded on both samples
(30 °C) using a 5 mm HCPprobe. Similar experiments were
carried out on the noncomplementary dodecamer strands with
and without three dU modifications.

NMR spectra were assigned by standard approaches using
TOCSY and NOESY experiments. Gradient13C-1H HSQC
and31P-1H experiments were carried out at 14.1 T using a
5 mm HCP probe. Sugar conformations were determined
using high-resolution DQF-COSY spectra and NOESY
intensities for the H1′-H4′ NOE as previously described
(29). Spectra of single- stranded dodecamers were acquired
in a similar manner, but using longer mixing times in the
NOESY experiments (500-800 ms). One-dimensional NMR
spectra were recorded as a function of temperature to monitor
changes in base stacking.

Hydration Experiments.Watergate NOESY and Watergate
ROESY with mixing times of 50 ms/25 ms and 40 ms/20
ms at 5°C, respectively, were recorded at both 14.1 and
18.8 T on the samples in 10% D2O/90% H2O, as previously
described (30).

Molecular Modeling.The ecoR1 structure d(CGCGAAT-
TCGCG)2 was built using standard B-type DNA parameters
within Macromodel 7.01 (31). The T8 bases were modified
to include the protonated propargylamino or the dimethyl-
propargylamino group and minimized using the AMBER*
force field (1000 steps steepest descents followed by 1000
steps PRCG conjugate gradient) with the GB/SA implicit
water hydration approximation. The methyl-amine torsion
bond was systematically driven 360 deg in 15 deg incre-
ments, with minimization as above at each position to find
the low energy positions. The hydration model with a single
water molecule bridging (i) or (i - 1) phosphate groups was
manually added and minimized. Molecular dynamics simula-
tions with an equilibration period of 50 ps (1.5 fs time step,
300 K) and a production period of 1 ns were performed for
the (i) and (i - 1) propargylamino group and dimethylpro-

pargylamino models unhydrated and with a single explicit
water molecule using the above conditions.

RESULTS

Thermodynamic Analysis. (A) Noncomplementary Dodecam-
ers.Short oligonucleotides usually undergo essentially a two-
state melting transition that can be reliably monitored by
hyperchromicity (UV melting) (32, 33). We have used UV
melting to determine the thermodynamic parameters (Tm, ∆H,
and ∆G) of melting of the noncomplementary and self-
complementary 12-mer DNA duplexes as a function of salt
concentration and the number of pyrimidine bases modified
at the 5 position. Figure 2A shows typical van’t Hoff plots
of modified noncomplementary oligonucleotides. The ther-
modynamic parameters are summarized in Table 1.

As the data show, the modifications increase the stability
of the DNA duplex, with approximately a 2-3 K increase
in Tm per modification atI ) 0.117 M. This is further
supported by the observation that the free energy change is
a linear function of the number of modifications and that
the curves for U, C dimethylamino and aminopropynyl
modifications are essentially coincident (Figure 2B). The

FIGURE 2: UV melting of modified duplexes. Oligonucleotide 1 duplex. (A) van’t Hoff analysis of the aminopropynyl-modified duplex
melting: (b) T5, T7, T9 modified; (9) C6 + C2 + C10 modified. (B) Dependence of∆G(310) at 0.117 M Na+ on the number of
modifications: (b) T5, T7, T9 modified; (9) C6 + C2 + C10 modified.

Table 1: Thermodynamic Parameters for Noncomplementary
Duplexes at 0.117 M Na+ a

modifi-
cation no.

∆H
(kJ/mol)

∆S
[kJ/(mol‚K)]

∆G310

(kJ/mol)

Tm

(2 µM)
(K)

non 0 354( 7 1.02( 0.024 38.1( 0.3 310.7
U 1 390( 5 1.12( 0.014 43.4( 0.17 314.7
U 2 396( 5.9 1.13( 0.18 45.1( 0.33 315.6
U 3 403( 3 1.15( 0.009 48( 0.17 317.7
C 1 37( 2.7 1.07( 0.0086 42.1( 0.13 314
C 2 380( 2.9 1.083( 0.0089 44.7( 0.13 316.1
C 3 384( 3.9 1.08( 0.012 48.7( 0.17 319.8
dmU 1 381.0( 0.96 1.091( 0.003 42.7( 0.04 314.6
dmU 2 360( 1.3 1.02( 0.004 43.05( 0.04 315.0
dmU 3 355.4( 4.3 1.01( 0.013 43.5( 0.08 316.5
dmC 1 397( 4.6 1.02( 0.015 42.8( 0.13 316.5
dmC 2 382.6( 5.0 1.083( 0.015 46.6( 0.25 317.3
dmC 3 407.8( 5.3 1.16( 0.016 48.9( 0.21 319.8

a Parameters were determined as described in the text. dmU and dmC
are dimethylaminopropynyl derivatives of U and C, respectively. Errors
were estimated from replicate experiments (four replicates).
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slopes of these plots indicate a free energy increment of
3-3.5 kJ/mol per modification under these salt and pH
conditions. The linearity suggests that the modifications are
independent of one another, as expected given the spacing
between modified bases in the molecule. In a B-DNA duplex,
the amino nitrogen atoms are spaced at approximately 12 Å
apart for modifications spaced ati, i + 2 (cf. the pdU) and
17 Å for the pdC spacedi, i + 4. As the groups are likely
to be fully solvent exposed in the major groove (see below),
the dielectric constant should be high, indicating only weak
electrostatic interactions between adjacent groups. Neverthe-
less, the pronounced increase in stability afforded by the
aminopropynyl modification requires a rationale.

The data for the dimethylaminopropynyl modification
(Table 1) show at most a slight increase in stability over the
free ammonium form. This suggests that the methyl groups
are too far from the rest of the molecule to make any direct
interactions, either with neighboring bases or with one
another (and see below).

The data in Table 1 also indicate that the modifications
increase the enthalpy difference between the duplex and
strand states. The precision of∆H is estimated to be around
5%, so the differences are somewhat marginal. However, if
we assume that the U and C modifications are essentially
equal, then on average each modification adds about 12.5
kJ‚mol-1‚mod-1. Thus, the energy terms can be approximated
by the equations (all in kilojoules):

where nmod is the number of modifications (0, ..., 3).
To assess the electrostatic contribution to the duplex

stability, and the influence of the charged modifications, we
carried out UV melting studies at a fixed DNA concentration,
as a function of total sodium concentration up to 1 M where
the polyelectrolyte effects are essentially quenched (24).
Figure 3 shows the variation of∆G(310) with ln(a(). At
low ionic strength, the free energy difference is essentially
linear in ln(a() but tails off at high ionic strength. Thus, salt
stabilizes the duplex, as expected from ion condensation
theory, but at high salt concentrations, additional effects that
oppose the influence of the salt come into play. The slope
of the line at low salt concentrations should be d∆G/d ln(a()
) -RT(N/2)∆ú, whereN is the number of phosphate groups
and∆ú is the charge condensation parameter. If we assume
structures appropriate for B-DNA and a random coil,∆ú is
about 0.27 at 310 K. Table 2 summarizes the slopes and
apparent number of phosphates. In addition, the extrapolated
value of∆G(310) at 1 M ion activity is given and compared
with the observed values. The values ofN in Table 2 are
generally close to the value expected for a pure B-DNA-
coil transition, as there are 22 phosphates in a dodecamer.
This indicates that despite the possible influence of end
effects (27), the Record-Manning theory (24, 34) reasonably
well accounts for the polyelectrolyte effects in these duplexes.
There is a general trend toward decreasing slope and
thereforeN value as the number of modifications increases.
This indicates that the positive charges on the modified bases
interact differently in the duplex and strand states and

therefore influence the condensation properties. Because the
N values decrease less than a full charge, this implies that
either the conformation of the modified duplexes and/or
strand states are affected by the modifications or that the
charges interact in both states, albeit to different extents. The
latter interpretation seems the more likely and suggests that
electrostatics play some role in the stabilization by the
charged aminopropynyl groups. This suggests that the amino

∆G(310)) 38.5( 0.4+ (3.2( 0.2) nmod

∆H ) 355( 12.5+ (12.5( 4) nmod

∆S) 1.02( 0.04+ (0.029( 0.008) nmod (10)

FIGURE 3: Dependence of free energy of dissociation on salt
activity. The free energy change (dissociation) was calculated at
310 K as described in the text. (A) Noncomplementary duplexes:
(O) unmodified; (b) aminopropynyl-T7; ([) aminopropynyl-T7,T9;
(9) aminopropynyl-T5,T7,T9. The lines represent the initial slopes
∂ ∆G(310)/∂ ln a. (B) Complementary duplexes: ([) native; (b)
aminopropynyl-T7 (9); dimethylaminopropynyl-T7.

Table 2: Salt-Dependent Data for Noncomplementary Duplexes

∆G(310, 1 M) (kJ/mol)no. of
modifications

∂ ∆G(310)/
∂ ln a( (kJ/mol) calcd obsd Napp

0 7.49 57.3 50.5 20.6
1U 7.15 59.9 51.2 19.7
2U 7.32 62.2 52.7 20.2
3U 7.02 66.4 54.5 19.4
1C 7.39 60.0 51.2 20.5
2C 7.36 62.3 53.2 20.4
3C 6.86 65.5 57.1 18.9
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group is fully charged at neutral pH and explains why the
dimethyl modification has no additional stabilizing effect.

At 1 M salt, the polyelectrolyte effects are quenched, so
that the free energy difference represents all of the nonpoly-
electrolyte contributions to the stability. The difference in
the ∆G(1 M) values between the modified duplexes and
unmodified duplex is 2.7( 0.17 kJ‚mol-1‚mod-1 for the
line extrapolated to 1 M salt and 1.2( 0.4 kJ‚mol-1‚mod-1

for the measured values at 1 M salt. The former value is the
nonpolyelectrolyte effect from all sources, whereas the
smaller value for the observed free energy differences is the
nonpolyelectrolyte effect that is independent of additional
indirect influence of ionic strength. Thus, there is a significant
nonpolyelectrolyte effect, ca. 1.5 kJ‚mol-1‚mod-1, that at
least indirectly depends on the salt activity.

There are several possible explanations for this effect. First,
at sufficiently high concentrations of sodium, there may be
site-specific binding in the minor groove, as suggested from
high-resolution crystal structures (35). However, this would
be expected to stabilize the duplex, which is opposite to the
effect observed. Second, at low salt concentration, where the
duplexes are relatively unstable, the melting is not pure two
state, i.e., intermediates are present as the duplex unzips from
the ends, and only at high concentrations of salt does the
process become completely cooperative. In this interpretation,
the free energy changes at 1 M salt would represent the true
nonpolyelectrolye contribution, and at lower salt, there could
be contributions from decreased cooperativity. Certainly, the
melting curves show increasing baseline slopes at low salt
concentrations, which could indicate non-two-state behavior
(18-20).

Alternatively, as the activity of salt increases, the activity
of water decreases. If there are changes in the amount of
bound water between the duplex and strand state, then this
will contribute to the entropy change. Duplex melting is
associated with a release of approximately four water
molecules per base pair (28); this would suggest a substantial
influence of water activity on the stability. This is supported
by recent quasielastic neutron scattering studies, which
indicate a substantially larger amount of bound water in the
duplex state than in the strand states of DNA (36). Further,
as the water activity in 1 M sodium chloride is about 0.94,
the release of 48 water molecules would destabilize a
dodecamer by about 7.5 kJ/mol. This is close to the observed
deviation between the linear extrapolation and the observed
free energy change for the unmodified (control) duplex and
suggests that hydration may be a significant contribution.
As the deviation is larger for the modified duplexes, this
would indicate that there is a greater release of water on
dissociation for these duplexes; i.e., the modified duplexes
are relatively more hydrated than the parent duplex.

(B) Self-Complementary Dodecamer.We have also ex-
amined the stabilization of a self-complementary duplex (the
Drew-Dickerson dodecamer) bearing one modified thymine
in each strand as a function of ionic strength. As Table 3
shows, the results are qualitatively the same as with the
multiple modification data for the noncomplementary duplex
and actually quantitatively similar when normalized on a per
modification basis.

Figure 3B shows the variation of the free energy change
as a function of salt concentration. As for the noncomple-
mentary duplex, the free energy change is a linear function

of ln(a() at low salt but curves over at 1 M. The apparent
number of phosphates was calculated from the slope of
∆G(310) versus the ion activity (Table 3). These are
somewhat larger than for the noncomplementary duplex but
show the same trend;N is smaller in the presence of the
positively charged modifications. Furthermore, the extrapo-
lated free energy change at 1 M shows a nonpolyelectrolyte
contribution of 4.6 and 3.1 kJ/mol (2.3 and 1.5 kJ/mol
modification) for the dimethylaminopropynyl and amino-
propynyl groups, respectively. The dimethylamino modifica-
tion is slightly more stable than the free amino form, as
observed for the noncomplementary duplexes (see above).
The observed free energy differences at 1 M salt are
significantly smaller than the extrapolated values, 2.0 and
0.92 kJ/mol, respectively. Thus, there is a salt-dependent,
nonelectrostatic effect on the stabilization, which could be
attributed in significant measure to differences in the amount
of water released on dissociation. We conclude that, as for
the noncomplementary duplex, the modifications increase the
thermodynamic stability by a combination of electrostatic
effects, changing the hydration and other enthalpic effects
such as altered base stacking.

Structural data are required to determine the origins of
the polyelectrolyte and nonpolyelectrolyte contributions. We
have therefore used high-resolution NMR and molecular
modeling to evaluate the influence of the modification on
structure and properties of the duplexes and isolated strand.

Conformational Analysis.To simplify the NMR spectra
and conformational analysis, we have compared the effects
of aminopropynyl and dimethylaminopropynyl modifications
on the Drew-Dickerson dodecamer, whose solution con-
formation and chemical shift assignments are well docu-
mented (37-40). The 1H chemical shifts were determined
as described in the Methods.

Figure 4 shows the difference in chemical shifts between
the aminopropynyl-derivatized sequence and the parent
dodecamer recorded under nominally identical conditions
(38). Unsurprisingly, the greatest shift perturbations occur
for the H6 and HN3 of the modified base. However, other
shift perturbations that are much larger than the noise are
observed for the adjacent bases and sugars, namely, T7 and
C9. This indicates that there are local perturbations in the
neighborhood of the modified bases that are not transmitted
more than one base pair beyond the altered sites.

Table 3: Thermodynamics of the ecoR1 Duplex at 0.117 M Ionic
Strengtha

modification
∆H

(kJ/mol)
∆S

[kJ/(mol‚K)]
∆G310

(kJ/mol)
Tm(2 µM)

(K)

non 380( 19 1.05( 0.07 53.5( 1 327
T7 amino 380( 19 1.034( 0.08 58.9( 1.5 332
T7 dimethylamino 401( 20 1.10( 0.08 58.5( 1.5 331

a Thermodynamic parameters were obtained from curve fitting.
Standard errors are estimated from the regression fits.

Table 4: Salt Dependence of ecoR1 Melting

∆G(310, 1 M) (kJ/mol)

molecule
∂ ∆G(310)/

∂ ln a( (kJ/mol) calcd obsd Napp

non 9.03( 0.7 72.4( 2 66.3 24.9( 2.1
T7 amino 8.57( 0.4 77.0( 1.3 68.3 23.6( 1.2
T7 dimethylamino 8.2( 0.6 75.6( 1.7 67.2 22.6( 1.6
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A similar profile was also observed for the dimethylamino
derivative with somewhat larger shift perturbations. The lack
of any NOEs connecting the methyl groups of the dimethyl-
aminopropynyl-dU and the rest of the DNA suggests that
they are far out in the major groove and exposed to solvent
(not shown).

We have also determined the13C shifts of the sugars using
HSQC; unlike the proton shifts there were no significant
differences in the carbon frequencies (data not shown), with
the exception of the aminopropynyl CH2 group itself, which
is substantially different for the two molecules.

The NOE intensities characteristic of base stacking
geometry (base-base NOEs and sequential sugar-base
NOES) and those that report on the nucleotide conformations
(e.g., base-intraresidue sugar NOEs) are unaffected within
experimental error, implying that there are only small
changes in conformation of the nucleotides in the duplex
state.

Sugar Conformations from Scalar Coupling Data.Scalar
couplings can be used to determine the pseudorotation
parameters of the deoxyriboses (29, 41, 42). We have
recorded high digital resolution DQF-COSY spectra of the
duplexes (Figure 5) and analyzed the sugar conformation as
previously described (29). The DQF-COSY spectrum shows
only small changes in coupling constants that are within
experimental error (see Table 3). Hence the modifications
have no major effect on the sugar conformations. The
coupling data and NOEs also imply that allγ torsion angles
are in the normalg+ rotamer.

31P NMR.The thermodynamic analysis showed a contri-
bution to the duplex stability from electrostatic effects. This
must involve the phosphodiester backbone, and31P NMR is
sensitive to conformation and electrostatic effects (43-45).
We have therefore assigned the31P NMR spectrum of the
modified dodecamers and compared them with the free
unmodified duplex previously assigned (38, 46, 47). Figure
6 shows the31P NMR chemical shift difference for the two
modified duplexes. The ends (1-3 and 10-12) are unaf-

fected by the modifications. The largest perturbations are
for T8p and C9p, i.e., the two phosphodiesters flanking the
modified base. However, there are also phosphate shift
changes for A5 and A6. Although the shift perturbations are
qualitatively similar, the dimethyl group seems to perturb
the spectra more than the free amino group. The observed
profile suggests possible direct effects of the positively
charged group on the nearest phosphate but also some
transmitted effects. As will be shown below, the amino group
of the propynyl side chain is able to make simultaneous van
der Waals and electrostatic interactions with the phosphate
oxygens of T8 and C9, which probably accounts for the shift
perturbations of these residues. The methyl groups on the
nitrogen may require some conformational readjustment of
the phosphodiester backbone to accommodate the extra bulk,
which could be propagated across the base pairs to A5 and
G4.

FIGURE 4: Chemical shift differences for the aminopropynyl-
modified ecoR1 duplex. Chemical shifts were referenced to DSS
at 30°C. The chemical shifts of the native dodecamer were taken
from ref 38. Chemical shifts (error<(0.01 ppm) were obtained
from NOESY in D2O and in H2O and DQF-COSY experiments in
D2O. Shift differences were calculated for modified minus native
sequences.

FIGURE 5: High-resolution DQF-COSY spectrum of ecoR1 with
dimethylaminopropynyl. The spectrum was recorded at 14.1 T, 30
°C, with an acquisition time of 0.74 s int2 and 0.055 s int1. The
data table was zero-filled to 16 K by 2 K before Fourier
transformation, giving digital resolutions of 0.67 Hz/point inF2
and 5.37 Hz/point inF1. The region shows the scalar coupling
between H1′ and H2′/H2′′ for each residue.

FIGURE 6: 31P chemical shift differences in the modified ecoR1
dodecamer.31P-1H HSQC spectra were recorded at 30°C at 14.1
T on a 5 mm HCPprobe with acquisition times of 0.4 s int2 and
0.1 s in t1, respectively. Chemical shifts were assigned from the
cross-peaks with H3′ (residuei) and H4′ (residuei + 1). Difference
chemical shifts were obtained using the published values for the
unmodified duplex at 30°C. Key: (0) aminopropynyl-T7; (9)
dimethylaminopropynyl-T7.
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Hydration of the Modified Duplexes Monitored by NMR.
Water molecules that have a sufficiently long residence time
to develop an NOE can be detected in NOESY and ROESY
experiments (30, 48, 49). For example, the spine of hydration
in the minor groove of the ecoR1 dodecamer was verified
by the presence of water molecules close to the two adenine
C2H, having a residence time in excess of 1 ns (49). We
have recorded NOESY and ROESY spectra of the modified
ecoR1 dodecamers at 14.1 and 18.8 T and at temperatures
between 5 and 10°C, with short mixing times. Figure 7
shows cross sections at the water frequency from ROESY
and NOESY spectra recorded with 20 and 40 ms, respec-
tively, at 5°C and 800 MHz. The spectra show the negative
NOEs (positive peaks, lower spectrum) and exchange cross-
peaks for cytosine amino groups (negative peaks in the upper
ROESY spectrum). In addition to the significant NOEs to
the Ade C2H, there are also NOEs to H1′ resonances, some
of which may arise from spin diffusion from the H3′ of
resonances coincident with the water frequency (A6 and G2
at this temperature). In addition to these minor groove
protons, there are also significant NOEs and ROEs to
cytosine H5, H6, and H8. Most nonterminal bases show
moderate or weak dipolar interactions with water; only A6H8
and T7H6 showed no cross-peak. A similar pattern of cross-
peaks was observed for both the aminopropynyl and the
dimethyaminopropynyl derivatives.

These results are consistent with there being somewhat
stronger hydration in the modified duplexes. This supports
the thermodynamic analysis above in that the modified
duplexes are more hydrated than the unmodified duplex,
leading to more water release on melting of the modified
duplexes than the parent duplex.

Properties of the Single Strands.We have recorded NMR
spectra of the modified and unmodified DNA strand (se-

quence 1; see Materials and Methods). Although the chemical
shift dispersion is low, it was possible to assign the majority
of base and sugar protons because of sequential NOEs
including between neighboring bases. This indicates that
there must be significant local helical stacking between
neighboring bases. The intra and sequential base-sugar
NOEs are indicative of glycosyl torsions in the high anti
range (on average) and a right-handed helical twist. Fur-
thermore, the observation of two strong cross-peaks for H1′-
H2′/H2′′ in the DQF-COSY spectrum (not shown) suggests
that the sugars are predominantly in the C2′-endo domain.
Furthermore, 1D NMR spectra showed substantial changes
in line widths and chemical shifts as the temperature was
varied over the range 10-50 °C. Spectra recorded in1H2O
at 10°C showed only weak exchangeable proton resonances
near 10 ppm, which are characteristic of imino protons in
unpaired bases. Thus, there is no evidence for any hairpin
of duplex formation in the strands.

The major differences in chemical shift between the
modified and unmodified strands arise, as expected, for the
H6 of the modified bases, and which are comparable to those
observed in the ecoR1 duplexes. Substantial changes in shift
were also observed for the sugar protons of the modified
nucleotide. The shift difference, in the direction of increased
deshielding in the modified base, can be attributed to changes
in electron density in the ring and/or local anisotropy effects
from the propynyl triple bond. However, the base carbons
also show large (8 ppm) downfield shifts for the C6 of the
modified bases, suggesting that in part the difference does
arise from changes in ring electron density.

Molecular Models.Figure 8 shows the relative placement
of the aminopropynyl group in the major groove of the
Dickerson-Drew dodecamer. The single degree of torsional
freedom for the group was systematically varied. At the
optimal position for interaction with the phosphate, the amine
of the aminopropynyl group is 4.2 and 4.0 Å to the (i), (i -
1) closest phosphate oxygen, respectively. This is too far
for a direct hydrogen bond between the two charge centers,

FIGURE 7: Hydration of the dimethylaminopropynyl ecoR1 dodecam-
er. Spectra were recorded at 800 MHz, 5°C, with acquisition times
of 0.256 s int2 and 21 ms int1, respectively. The solvent peak was
suppressed using a Watergate sequence with flip back. Data were
processed after zero filling to 16384 points int2 and 4096 points
in t1 and apodizing using a Gaussian function with 1 Hz line
broadening exponential in each dimension prior to Fourier trans-
formation. Upper spectrum: ROESY with a mixing time of 20 ms.
Lower spectrum: NOESY with a mixing time of 40 ms.

FIGURE 8: Model structures of aminopropynyl-modified ecoR1
dodecamer DNA. Models were built and minimized as described
in the text. Only the central region is shown for clarity. The two
symmetry-related aminopropynyl-dU residues are shown as space-
filling structures. The amino group is in the lowest energy position
and is available for interaction with solvent and making Coulombic
interactions with the phosphodiester oxygen.
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but an electrostatic interaction is significant. This close
proximity to the phosphate groups in the major groove would
stabilize the positive charge on the amine group. However,
the lowest energy conformation does not have the protonated
nitrogen associated with the (i), (i - 1) phosphates. In this
conformation, the protonated amine points away from the
phosphate groups. From a conformational point of view a
single water molecule can bridge the charged amine group
to the phosphate backbone in the (i) and (i - 1) positions
[N to Owater 2.8 Å, Owater to OPhosphate 2.7 Å for (i)
and (i - 1) positions]. These distances are also possible for
the dimethylamine as the methyl groups do not have any
direct van der Waals clashes with the neighboring environ-
ment. However using the modeling protocol the water
molecules do not stay attached during the molecular dynam-
ics, which is not surprising as full solvation calculations will
be needed. This suggests the possibility of stabilization of
the strand and may in part account for the observed changes
in 31P NMR chemical shifts (see above). The propynyl moiety
also lies directly below the ring of the preceding thymine in
the ecoR1 dodecamer (Figure 8) and could therefore make
favorable stacking interactions.

DISCUSSION

The thermodynamic data show that the propynyl amino
groups stabilize DNA duplexes both by electrostatic effects
and by other contributions. We have been able to parse some
of the contributions. Thus at 1 M salt, it is clear that the
nonpolyelectrolyte effect amounts to about 2.5 kJ/mol per
modification, with little difference between dU and dC. The
polyelectrolyte theory holds reasonably well for these oli-
gonucleotides; the small discrepancies from theory for the
actual numbers of phosphates may reflect the deviations due
to a combination of end effects and that such molecules are
not perfect cylinders. However, the differences that we find
due to the modifications are likely to be representative.

Approximately half of the observed nonpolyelectrolyte
contribution arises from indirect ion-dependent effects, which
we attribute largely to hydration. The modified bases are
either more hydrated in the duplex and/or less hydrated in
the strand state than either dT or dC. The polyelectrolyte
effect, which is manifested at physiological concentration
of salt, is modest and at 117 mM sodium amounts to around
2 kJ‚mol-1‚mod-1. The modifications also are enthalpically
stabilizing, which are in part offset by the unfavorable
entropy of hydration of the duplex compared with the strands.
Methylation of the amino group caused a slight further
increase in stability.

NMR spectroscopy of the modified duplexes showed that
as far as base stacking and nucleotide conformation is
concerned these modifications have minimal effects on
conformation of the duplex. Also, the single strands are
helically stacked with small effects on adding the amino-
propyne group. The modifications place a positive charge
between adjacent phosphate groups in a strand, which may
serve to stabilize the local helical character, or preorganize
the strands. This is supported by the increased propensity
for stacking in the modified strands and the perturbation of
the31P NMR spectra in the DNA duplexes. The electrostatic
clamp seems to propagate across the base pair and may
increase local stacking interactions. The presence of charge

between phosphates may also interfere with local ion
condensation, in accordance with the salt dependence of the
stability of these modified duplexes.

The altered electronic structure of the modified bases
shown by the absorbance and NMR spectra implies an
alteration of the dipole moment, which may improve nearest
neighbor stacking energies, and could contribute to the
favorable enthalpy change associated with the modifications.
The sequential base-base NOEs in the modified strand are
in general somewhat stronger than in the unmodified strand,
as are the characteristic helical base-sugar NOEs, suggesting
a slightly greater propensity for helical stacking in the
modified strand than in the unmodified strand. This could
contribute favorably to the net free energy difference.

We have shown by parsing the energy contributions that
electrostatic (and perhaps electronic) and hydration effects
can produce substantial increases in thermodynamic stability
without significant changes in the conformation of the duplex
state.
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