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ABSTRACT

Circular dichroism (CD) spectra and melting temperature
(Tm) data for five duplexes containing phosphorothioate
linkages were compared with data for four unmodified
duplexes to assess the effect of phosphorothioate
modification on the structure and stability of DNA·DNA
and DNA·RNA duplexes. Nine duplexes were formed by
mixing oligomers 24 nt long in 0.15 M K + (phosphate
buffer), pH 7.0. Unmodified DNA·DNA and RNA·RNA
duplexes were used as reference B-form and A-form
structures. The CD spectra of the modified hybrids
S-d(AC)12·r(GU)12 and r(AC) 12·S-d(GT)12 differed from
each other but were essentially the same as the spectra
of the respective unmodified hybrids. They were more
A-form than B-form in character. CD spectra of duplexes
S-d(AC)12·d(GT)12 and d(AC) 12·S-d(GT)12 were similar to
that of d(AC) 12·d(GT)12, except for a reduced long
wavelength CD band. Sulfur modifications on both
strands of the DNA duplex caused a pronounced effect
on its CD spectrum. The order of thermal stability was:
RNA·RNA > DNA·DNA > DNA·RNA > S-DNA·DNA >
S-DNA·RNA > S-DNA·S-DNA. Phosphorothioation of one
strand decreased the melting temperature by 7.8 ± 0.6�C,
regardless of whether the substitution was in a hybrid or
DNA duplex. Thermodynamic parameters were obtained
from a multistate analysis of the thermal melting profiles.
Interestingly, the destabilizing effect of the phosphoro-
thioate substitution appears to arise from a difference in
the entropy upon forming the DNA·DNA duplexes, while
the destabilizing effect in the DNA·RNA hybrids appears
to come from a difference in enthalpy.

INTRODUCTION

Phosphorothioate-modified oligodeoxynucleotides (S-ODNs)
have attracted considerable attention because of their potential as
antisense inhibitors of gene expression. At least 12 clinical trials
using S-ODNs as inhibitors of diseases such as HIV, HPV (human
papilloma virus) and cancer are currently underway (1–5).

Phosphorothioates, like other modified ODNs (methylphospho-
nates, alkylphosphonates and α-anomers) show an increased
resistance to nucleases which is important in maintaining
bioavailability of the antisense oligonucleotide (6). Phosphoro-
thioates are especially important because of their ability, when
hybridized to their respective target RNA, to remain active as a
substrate for the enzyme RNase H (7). The phosphorothioate
modification also retains a negative charge on the DNA
backbone, which maintains the solubility of the oligonucleotide
in aqueous solution. There is evidence that the ability of RNase
H to cleave a DNA·RNA hybrid depends to some degree on the
flexibility and structure of the hybrid (8). In addition to simple
phosphorothioate modifications, chimeric antisense S-ODNs that
combine 2′-O-alkyl phosphorothioates (to provide stability) and
a minimum of five simple phosphorothioate nucleotides (to retain
RNase H sensitivity) have been shown to be effective in cells (9).
Therefore, the effects of the phosphorothioate modification on the
structure and stability of DNA·RNA hybrids are of considerable
interest in the development of antisense molecules.

It has been generally observed that the effect of phosphoro-
thioate modification leads to a decrease in the melting tempera-
ture of complexes (duplexes or hybrids) formed with such
oligomers (10–13). Kibler-Herzog et al. (10) showed that
duplexes 14 nt long containing phosphorothioate modifications
had decreased stability with respect to unmodified duplexes, as
monitored by changes in the melting temperature. Freier et al.
(11) found that melting temperatures of phosphorothioate-modi-
fied DNA·RNA hybrids were reduced compared with unmod-
ified hybrids of analogous sequence but that changes in melting
temperature per modification were not necessarily correlated
with changes in ∆G�(37�C) per modification. What has not been
shown, however, is whether the relative decreases in melting
temperature seen in modified DNA duplexes and modified
DNA·RNA hybrids arise from the same source, such as a global
effect on the structure of the complexes formed as a result of the
modification, or stem from different mechanisms depending on
whether the structure formed is A-form or B-form in character.

Ratmeyer et al. (14) showed that unmodified hybrids with
mixed purines and pyrimidines on each strand,
d/r(CAAC)3·r/d(GUU/(TT)G)3, have lower melting temperatures
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than analogous dsDNA sequences in a buffer of 1 M NaCl,
consistent with our present data for alternating purine–pyrimidine
sequences 24 nt long in a buffer of 0.15 M K+ (phosphate). CD
spectra presented by Ratmeyer et al. (14), using a buffer of 3.75
mM Na+ (phosphate) and 0.1 M NaCl, and our spectra are
consistent in both shape and magnitude.

We have studied nine possible combinations of [d/r(AC)]12 plus
[d/r(GT/U)]12 strands: (1) d(AC)12·d(GT)12; (2) S-d(AC)12·
d(GT)12; (3) d(AC)12·S-d(GT)12; (4) S-d(AC)12·S-d(GT)12; (5)
r(AC)12·r(GU)12; (6) r(AC)12·d(GT)12; (7) d(AC)12·r(GU)12; (8)
r(AC)12·S-d(GT)12; (9) S-d(AC)12·r(GU)12. Five of these have
phosphorothioate-modified linkages in one or both strands. The
sequences chosen were composed of repeating purine–pyrimidine
dinucleotides which minimized the risk of forming alternate
structures such as hairpins and triple-stranded structures. The
sequences were chosen to be 24 nt long to minimize end effects.
DNA·DNA and RNA·RNA duplexes were used as reference
A-form and B-form molecules.

MATERIALS AND METHODS

Six sequences, r(AC)12, r(GU)12, d(AC)12, d(GT)12, S-d(AC)12
and S-d(GT)12, were synthesized by Oligos Etc. (Wilsonville,
OR). Samples were received as the lyophilized ammonium salt
and resuspended in distilled deionized water. Each of the
single-strand samples was assayed for homogeneity of length by
gel electrophoresis on a 20% polyacrylamide–8 M urea gel
stained with SYBR  Green II (Molecular Probes, Eugene, OR).
All samples showed single bands corresponding to 24 nt
full-length products, with the exception of the sequence r(AC)12,
which could not be detected using SYBR  Green II. Stock
solutions were prepared in 2 mM K+ (phosphate), pH 7.0, and
checked for self-complex formation by CD prior to raising the salt
concentration to 0.15 M K+ (phosphate). Extinction coefficients
for the single strands were calculated from monomers and dimers
at 20�C with the assumption that molar absorptivity is a nearest
neighbor property and that the oligomers were single stranded at
20�C (15). Extinction coefficients at 260 nm for the modified
ssDNA oligomers were assumed to be the same as for unmodified
ssDNA. Complementary sequences were brought to equimolar
concentrations (∼6 × 10–5 M nucleotides) by addition of 0.15 M
K+ (phosphate buffer, pH 7.0). Concentrations of the single
strands were determined by UV absorbance spectroscopy and
from the calculated extinction coefficients. To determine whether
duplexes could be formed by mixing each complementary pair of
oligomers, classical mixing curves were obtained. Mixtures were
made between complementary sequences in ratios of 100:0,
80:20, 67:33, 60:40, 50:50, 33:67, 20:80 and 0:100. All mixtures
were equilibrated at 5�C for 24 h prior to collecting absorbance,
CD and Tm data. Duplex formation was confirmed by the
demonstration of break points in both absorbance and CD mixing
curves near a 50:50 molar ratio of the mixed strands.

Absorbance spectra from 350 to 210 nm were collected on a
Cary-Varian 118 or an OLIS-modified Cary 14 spectrophoto-
meter using 1 cm cuvettes. Data were digitized and collected
every 1 nm at 20�C at a scan speed of 30 nm/min. After
subtracting baseline spectra, the data were smoothed using a
13 point quadradic-cubic least squares smoothing algorithm (16).
Baseline offsets were corrected by subtracting the average of the
first 10 data points of the spectrum. Molar absorbance spectra
were plotted as ε, in units of M–1cm–1, per mol nucleotide.

CD spectra from 320 to 200 nm were collected on a Jasco
J500A or a J710 spectropolarimeter using 1 cm cuvettes. Data
were collected at 0.1 nm intervals at a scan speed of 20 nm/min
at 20�C. Digitized data collected on the J710 instrument were
smoothed using a Fourier transform smoothing function provided
with the Jasco software. Data collected on the J500A instrument
were smoothed using the same method as for the absorbance data.
CD spectra are reported as εL – εR, in units of M–1cm–1, per mol
nucleotide.

Melting data were collected on a six cell OLIS-modified Cary
14 spectrophotometer in 1 cm path length Teflon-capped
cuvettes. Absorbance data were collected at 1� increments from
20 to 90�C. At each temperature increment the samples were
incubated for 3 min prior to data collection, allowing the samples
to come to equilibrium. This step was performed to minimize
formation of less energetically favorable structures such as
internal loops and slipped structures. Absorbance data as a
function of temperature were corrected for volume expansion and
smoothed with a sliding 13 point quadratic-cubic function (16)
prior to derivitization and multistate curve fitting. Because the
number of data points included in this smoothing procedure was
less than the number of data points in any one inflection in the
melting profile, the melting transitions were not broadened by the
smoothing function (16). Raw and smoothed melting profile data
were graphically overlaid and showed no distortions of the shape
or transitions of the melting profiles.

Thermodynamic parameters were estimated for each of the
samples by fitting multistate statistical-mechanical and two-state
models to each melting profile (17). Equations for the multistate
and two-state models were used as derived by Evertsz et al. (17),
with the exception that the effective molecularity (neff) was
allowed to vary in the calculation of ∆S�. The statistical-mechan-
ical model used in calculation of the thermodynamic parameters
is a multistate aligned zipper model. This model describes the
system as a population of single strands of chain length N in
equilibrium with duplex species in perfect alignment but with a
statistically positioned continuous hydrogen bonded segment of
1, 2,…, N – 1, N base pairs in length (17). The model accounts for
end fraying by varying the position of the hydrogen bonded
segment (which ranges from 1 to N). Having a hydrogen bonded
segment of N – 2 nucleotides would describe a duplex with 1 bp
frayed on each end or a duplex with 2 nt frayed on one end. Loop
formation and slipped duplexes were not explicitly accounted for
in the model, however, the population distribution calculated for
each sequence shows that duplexes with more than four unpaired
nucleotides are rare (less than ∼4% of the population of duplexes
at the Tm). Previous population distribution analysis by Apple-
quist et al. (18) using a staggered zipper model showed that for
the homo-oligomer sequence (A+)11·(A+)11 the relative popula-
tion of frayed or shifted duplexes with greater than three unpaired
nucleotides was small. Therefore, it did not seem necessary to
apply the more complicated staggered zipper model to our data.

The procedure used to obtain thermodynamic parameters
involved (i) fitting the multistate and two-state models to the
experimental data to generate parameters used in the calculation
of ∆H�VH (multistate) and ∆H�VH (two–state) respectively, (ii) cal-
culation of the effective molecularity (neff) and (iii) calculation of
∆S� and ∆G� using neff.

The procedure used to fit the multistate and two-state models to
the experimental melting profiles was a Marquardt–Levenburg
non-linear fitting routine (19). This routine defines a χ2 merit
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Figure 1. Representative absorbance melting profile of S-d(AC)12·d(GT)12 in
0.15 M K+ (phosphate buffer, pH 7.0) fitted by a statistical-mechanical
multistate aligned zipper model. The inset graph shows the relative population
distribution (as a fraction of the total strand concentration, CT) of base paired
species at a Tm of 60.9�C.

function for the fit of the model to the data and determines best fit
parameters by its minimization. Initial estimates for the input
parameters were obtained from a manual fit using a spreadsheet.
Estimates for the pre- and post-melt regions of the melting profiles
were generated by linear regression analysis in the initial stages of
program execution for both the two-state and the multistate models.
The stopping criterion for the fitting procedure was chosen to be a
change in χ2 of <0.001. To explore the sensitivity of the calculated
thermodynamic parameters to the initial estimates used in the model,
each melting profile was repeatedly fitted with different input
parameters, effectively exploring the topology of the local minima.
Although the model is sensitive to the initial input parameters, it was
apparent that for each melting profile there was a very limited range
of input parameters that gave acceptable χ2 values. The thermody-
namic values generated from the different sets of input parameters
for each sample were used to estimate the error in ∆H� and ∆S�.
Input parameters that gave results outside the reported error limits
had χ2 values dramatically higher (>10-fold) than those used in the
calculation of the thermodynamic data and were excluded from the
analysis.

Values for the effective molecularity for each experiment were
obtained by first using the multistate and two-state models to
generate parameters used in the calculation of ∆H�VH (multistate) and
∆H�VH (two–state). Then the effective molecularity (neff) was set
equal to (∆H�VH (two–state)/∆H�VH (multistate) + 1) (20). This
effectively absorbs deviations from bimolecular behavior of the
melting transition. Plum et al. (20) suggest that apparent deviations
in molecularity from a value of 2 indicate anomalies in initiation. In
any case, varying neff over the observed range (1.8–2.2) had
negligible effect on the values of ∆H�VH (multistate) obtained from the
multistate fitting procedure; however, values for neff different from
2 (1.8–2.2) did have a significant effect on the calculated ∆S� values.

Figure 2. Representative absorbance melting profiles and multistate curve fits
for (A) modified and unmodified DNA duplexes and (B) modified and
unmodified DNA·RNA hybrids.

Therefore, neff was fixed at 2 during the curve fitting procedure but
was allowed to vary during the calculation of ∆S�.

Values for ∆S� were calculated from the equation

∆S� = ∆H�VH (multistate)/Tm,s – R[ln(2n/Cr)(neff – 1)],

where Tm,s was the melting temperature calculated from the
multistate curve fit and corrected to a standard strand concentration
(Cr) of 1 × 10–6 M. Melting temperatures were determined as the
temperature at which half of the double-strand complexes had
dissociated, as calculated from the multistate model. Values of ∆H�

and ∆S� per mol oligomer were then used to calculate ∆G�(37�C).
Errors in the fitted parameters are given as the standard deviation of
the results of multiple fitting procedures on each sample and were
±2.8 kcal/mol for ∆H�VH (multistate), ±7 cal/(mol·K) for ∆S� and
±0.3 kcal/mol for ∆G�. Differences in the fitted parameters between
repeated samples were typically much smaller than the deviations
observed for multiple fittings of the same sample. The covariance of
the standard errors in fitted parameters used to calculate ∆H� and
∆S� was always <20%.

To compare the melting transitions, the breadth, δTm (the
temperature range of the melting profile over which 80% of the
cooperative transition occurred) and the percent hyperchromicity
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(the percent increase in absorbance from the beginning to the end of
the cooperative transition) were determined for each melting profile.

Population distributions at each temperature along the melting
profiles were calculated from data obtained from the multistate
fitting procedure using equations 4–7 from Evertsz et al. (17). The
fraction (FL,T) of the total population of oligomers of length N
present as duplexes containing a contiguous stretch of base pairs
(L) at a given temperature (T) is given by the following equation:

FL,T = (1 – θc,T)(κ/qT)(N – L + 1)sT
L – 1

In this equation sT is the equilibrium constant for formation of
each successive base pair, qT is the partition function and 1 – θc,T
is the fraction of strands in the duplex state, where sT, qT and
1 – θc,T are parameters derived from the multistate curve fit. The
value of κ (the equilibrium constant for formation of the first base
pair) was fixed at 4 × 10–3 (17).

All of the samples investigated showed significant populations
of species that had fewer than 24 bp at the Tm, indicating that a
simple two-state thermodynamic analysis was not sufficient to
describe the melting behavior of these oligomers. A
representative melting profile, fitted with the multistate model,
and a population analysis are shown in Figure 1. Figure 2 includes
representative melting profiles and multistate fits for each of the
sequences analyzed.

RESULTS AND DISCUSSION

Absorbance and CD of single strands

Two phosphorothioate-modified and two unmodified single-
stranded DNA (ssDNA) oligomers of complementary sequences
were mixed with each other or with two complementary RNA
sequences to make the nine duplexes listed in Table 1. Molar
absorption spectra from 350 to 210 nm of the modified and
unmodified ssDNA oligomers are shown in Figure 3. CD spectra
from 320 to 200 nm of the ssDNA oligomers are shown in
Figure 4.

Figure 3. Absorbance spectra of single-stranded oligomers d(AC)12 (∆),
S-d(AC)12 (– – –), d(GT)12 (O) and S-d(GT)12 (—). The solution conditions
were 0.15 M K+ (phosphate), pH 7, 20�C for spectra in Figures 2–6.

Figure 4. CD spectra of single-stranded oligomers d(AC)12 (∆), S-d(AC)12 
(– – –), d(GT)12 (O) and S-d(GT)12 (—).

Table 1. Values of thermodynamic parameters for duplex formation and characteristics of melting profiles for oligomers in 0.15 M K+ (phosphate buffer, pH 7.0)

Sequence Multistate Two-state Melting profile characteristics

∆H� ∆S� ∆G�(37�C) ∆H� ∆S� ∆G�(37�C) Tm δTm Hyperchromicity

(kcal/mol)a [cal/(mol K)]a (kcal/mol)a (kcal/mol)a [cal/(mol K)]a (kcal/mol)a (�C)a,b (�C)a,b (%)a

d(AC)12·d(GT)12 –97.4 –258 –17.5 –97.9 –259 –17.6 67.5 21 32

r(AC)12·r(GU)12 NDc NDc NDc NDc NDc NDc 68.9 27 26

S-d(AC)12·d(GT)12 –126.4 –348 –18.5 –115.5 –318 –17.0 60.9 16 26

d(AC)12·S-d(GT)12 –122.3 –339 –17.3 –119.2 –330 –16.9 59.6 17 26

S-d(AC)12·S-d(GT)12 –114.0 –325 –13.2 –115.7 –327 –14.3 51.8 18 25

d(AC)12·r(GU)12 –90.2 –237 –16.7 –79.1 –207 –14.9 63.1 16 27

S-d(AC)12·r(GU)12 –75.9 –201 –13.6 –72.6 –192 –13.0 56.3 17 28

r(AC)12·d(GT)12 –91.6 –242 –16.5 –97.1 –257 –17.6 66.1 18 24

r(AC)12·S-d(GT)12 –74.8 –196 –14.1 –66.5 –174 –12.6 56.4 17 26

aResults are shown as the average of at least three independent determinations on separately formed samples of the duplexes, except in the case of dsRNA, for which
the results are the average of two samples. Standard deviations were ±2.8 kcal/mol for ∆H�, ±7 cal/(mol·K) for ∆S�, ±0.3 kcal/mol for ∆G�, ±0.5�C for Tm, ±1�C
for δTm and ±1.5% for hyperchromicity (see Materials and Methods).
bMelting temperatures and δTm values were determined at a total strand concentration of 2.5 × 10–6 M.
cNot determined.
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Figure 5. CD spectra of unmodified duplexes d(AC)12·d(GT)12 (∆),
r(AC)12·r(GU)12 (O), d(AC)12·r(GU)12 (—) and r(AC)12·d(GT)12 (– – –).

As seen in Figure 3, above 230 nm the absorption spectra of the
modified single strands were very similar to the absorption
spectra of the corresponding unmodified sequences. In contrast,
the measured CD spectra of the single strands in Figure 4 showed
significant differences between the modified and unmodified
sequences. CD spectra for both modified sequences generally
showed decreased band intensities throughout the spectral region
from 320 to 210 nm, which indicated that the bases of the
phosphorothioate strands were less stacked.

CD of double strand oligomers

CD spectra of r(AC)12·r(GU)12, r(AC)12·d(GT)12, d(AC)12·d(GT)12
and d(AC)12·r(GU)12 are shown in Figure 5. The CD spectra for
these unmodified oligomer duplexes were very close in band
magnitudes and shapes to spectra of their corresponding polymer
duplexes at wavelengths above 200 nm (21), which showed that
end effects did not significantly affect the spectral features of the
oligomeric duplexes. The CD spectrum of the dsRNA
r(AC)12·r(GU)12 oligomer duplex had negative bands at 300 and
below 210 nm and a positive band at 260 nm characteristic of the
A-RNA conformation (21,22). The spectrum of the dsDNA
d(AC)12·d(GT)12 had roughly equal positive and negative bands
above 220 nm, with a crossover at 261 nm typical of the
B-conformation (23).

There were differences in the CD spectra of the two hybrid
oligomers that corresponded to characteristic CD features
previously found for the two hybrid sequences (21). Each hybrid
also showed both differences from and similarities to the
spectrum of the RNA duplex. For example, the strong negative
band below 210 nm, present in the spectrum of r(AC)12·r(GU)12,
was much reduced in the spectrum of r(AC)12·d(GT)12, but was
about the same magnitude in the spectrum of d(AC)12·r(GU)12.
In addition, the positive 280 nm shoulder and negative 300 nm
band in the r(AC)12·r(GU)12 spectrum were not present in the
spectrum of r(AC)12·d(GT)12, but were present in that of
d(AC)12·r(GU)12. The spectrum of d(AC)12·r(GU)12 was in these
respects more similar to that of r(AC)12·r(GU)12 than that of
d(AC)12·d(GT)12, however, the positive band at 260 nm was
reduced for d(AC)12·r(GU)12 in comparison with this band in the
spectra of r(AC)12·r(GU)12 or the other hybrid. The latter spectral
feature may be a key factor in describing the A-like character of

Figure 6. CD spectra of modified and unmodified hybrids d(AC)12·r(GU)12 (—),
S-d(AC)12·r(GU)12 (∆), r(AC)12·d(GT)12 (– – –) and r(AC)12·S-d(GT)12 (O).

a conformation, since d(AC)12·r(GU)12 was the less stable of the
two hybrids. On the other hand, the spectral difference between
the hybrids may reflect the different strand orientations of the
base chromophores in a heteronomous conformation (24 and
references therein).

Figure 6 shows the spectra of all four hybrids with and without
S-DNAs, d(AC)12·r(GU)12, S-d(AC)12·r(GU)12, r(AC)12·d(GT)12
and r(AC)12·S-d(GT)12. The spectra of S-d(AC)12·r(GU)12 and
r(AC)12·S-d(GT)12 were almost identical to those of the corre-
sponding unmodified hybrids. This showed that the phosphoro-
thioate modification did not significantly affect the different
secondary structures of these two types of hybrids.

Figure 7 shows the spectra of the DNA duplexes
d(AC)12·d(GT)12, S-d(AC)12·d(GT)12, d(AC)12·S-d(GT)12 and
S-d(AC)12·S-d(GT)12. The spectra of S-d(AC)12·d(GT)12 and
d(AC)12·S-d(GT)12 were very similar, providing evidence that
the structural effect of the phosphorothioate modification was
relatively insensitive to which strand contained the modification.
However, the CD spectra of both S-d(AC)12·d(GT)12 and
d(AC)12·S-d(GT)12 differed from the spectrum of unmodified
d(AC)12·d(GT)12 in having a decreased positive CD above
260 nm, showing that a phosphorothioate modification of either
strand did have an effect on DNA duplex structure. The spectra
of S-d(AC)12·d(GT)12 and d(AC)12·S-d(GT)12 are not consistent
with A-form, Z-form or condensed Ψ-type duplexes of
poly[d(AC)·d(GT)] (25). The decreased long wavelength band is
reminiscent of spectra of dehydrated DNAs in a non-standard B
conformation (25,26). The spectrum of the duplex with both
strands modified, S-d(AC)12·S-d(GT)12, differed even more
significantly from the spectrum of the unmodified DNA. The
spectrum of S-d(AC)12·S-d(GT)12 showed a large decrease in the
positive band at 280 nm and the first crossover was red-shifted by
16 nm. These changes above 260 nm may imply a change in the
winding angle (26) for DNA duplexes with a phosphorothioate-
modified strand. Also, the positive band at 220 nm increased in
magnitude in each of the modified DNA duplexes relative to that
of the unmodified DNA duplex. This is a feature found for
heat-denatured and cooled DNA relative to that of native DNA
and may indicate an enhanced intrastrand interaction in the
phosphorothioate-modified strands (23).
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Figure 7. CD spectra of modified and unmodified DNA duplexes
d(AC)12·d(GT)12 (– – –), S-d(AC)12·d(GT)12 (∆), d(AC)12·S-d(GT)12 (O) and
S-d(AC)12·S-d(GT)12 (—).

Thermal stability of hybrids and duplexes

The last three columns of Table 1 list the averaged melting
temperatures (Tm), δTm, percent hyperchromicities and
thermodynamic parameters for triplicate samples of the nine
oligomer duplexes. Melting temperatures for the RNA duplex
were slightly less than expected and δTm values for this duplex
were 6–11�C higher than those of the other sequences, which
ranged from 16 to 21�C, hinting that there may have been some
marginal degradation of the samples of this duplex. Therefore,
thermodynamic parameters for the RNA duplex are not included.
All of the duplexes showed significant hyperchomicities of
24–32%. Thermodynamic parameters were estimated as de-
scribed in Materials and Methods. Throughout this work a buffer
of 0.15 M K+ (phosphate buffer, pH 7.0) was used to approximate
a physiological salt concentration.

The RNA·RNA duplex had the highest Tm (68.9�C), followed
by that of the DNA duplex (67.5�C). The unmodified DNA·RNA
hybrid duplexes differed slightly in their Tm values, both of which
were lower than the Tm of the DNA duplex. Previously, Gray et
al. (21) showed that the Tm of poly[r(AC)·d(GT)] was greater
than that of poly[d(AC)·r(GU)] by 2�C in a buffer of 0.02 M Na+

(phosphate, pH 7.0), which is consistent with our data for shorter
sequences. Phosphorothioate-modified hybrid duplexes had Tm
values lower (6.8 and 9.7�C per strand modified) than those of the
corresponding unmodified sequences.

Phosphorothioate-modified hybrids and DNA duplexes had, on
average, a Tm decrease of 7.8�C for modification in one strand.
The DNA duplex containing modifications on both strands had a
Tm reduced by 15.7�C relative to that of the unmodified DNA
duplex. The overall order of thermal stabilities for the nine
sequences was: r(AC)·r(GU) > d(AC)·d(GT) > r(AC)·d(GT) >
d(AC)·r(GU) > S-d(AC)·d(GT) ≈ d(AC)·S-d(GT) >
r(AC)·S-d(GT) ≈ S-d(AC)·r(GU) > S-d(AC)·S-d(GT).

Multistate model

Thermodynamic parameters derived from the multistate model
are shown in the first three columns of Table 1. The decrease in
∆G�(37�C) for the unmodified hybrids was consistent with the
decrease reported by Lesnik and Freier (27) for three hybrid

oligomer sequences 15–21 nt long, compared with analogous
dsDNA sequences, of 33–80% A+T/U and 50% pyrimidine
content, in a buffer of 100 mM Na+. Thermodynamic analysis of
our data revealed that the decrease in melting temperature,
although of approximately the same magnitude for modification
in one strand in DNA·DNA duplexes and DNA·RNA hybrids,
arose from different sources. The effect of phosphorothioation of
one strand of a DNA duplex appeared to give rise to a favorable
contribution to the enthalpy of formation while effecting the
entropy in a very unfavorable manner. The net result of
phosphorothioation of the DNA duplex was to increase the
stability of the complex at low temperatures (<50�C) and
progressively reduce the stability of the complex at increasing
temperatures, relative to the unmodified DNA duplex. Thus, at
higher temperatures (>50�C) the free energies (∆G�) of the
phosphorothioate duplexes are reduced when compared with the
free energies of the unmodified duplexes. This reduction in
stability is, in the case of phosphorotioate-modified DNA
duplexes, the result of the more unfavorable contribution to
entropy. This effect on entropy can be explained if the entropy of
the modified single strand is higher than the corresponding
unmodified single strand, if the modified duplexes have a lower
entropy than the unmodified duplex or if there is a combination
of these effects. CD spectra indicated that the modified single
strands possess a less ordered structure, which implies that these
modified strands may be more flexible and have a higher inherent
entropy compared with unmodified DNA. The CD spectra of the
modified DNA duplexes also indicated some differences in their
structures. Changes in the structure of the modified duplex could
reflect an alteration in the order of the water around the backbone
of the duplex. Phosphorothioate modification of both strands of
a DNA duplex had a pronounced effect on the CD spectra and
altered the thermodynamic parameters of this duplex in a fashion
similar to that of the DNA duplexes where only one strand was
modified. This doubly modified duplex had a slightly more
favorable ∆H�, relative to unmodified DNA duplexes, and an
unfavorable contribution to entropy, as observed for the DNA
duplexes modified in only one strand. In total, the factor
dominating the decrease in the stability of the modified DNA
duplexes was entropic in character.

In contrast to the effect of phosphorothioation of DNA
duplexes, the effect of modifying the DNA strand of DNA·RNA
hybrids appeared not to dramatically affect ∆S� for duplex
formation. Both of the modified hybrids showed an unfavorable
contribution to ∆H� and a slighty favorable contribution to ∆S�,
the opposite of what was found for DNA duplexes modified in
one strand. While CD spectra indicated differences in the
structures of the modified DNA duplexes with respect to the
unmodified duplexes, the CD spectra of the hybrids and modified
hybrids were identical. Gyi et al. (28) have shown using NMR
that the DNA strand in a DNA·RNA hybrid is more flexible than
that in a DNA duplex. It is possible that the modified DNA has
the freedom necessary to adopt a structure similar to that of
unmodified hybrids. In the case of the modified hybrids the
dominant factor in decreasing ∆G�, relative to that of the
corresponding unmodified hybrid, is a reduction in ∆H�. These
differences in the thermodynamic parameters of the two types of
complexes (DNA duplexes and DNA·RNA hybrids) may arise
from a combination of factors, including differences in the
entropy of the single strands, altered water structure around the
backbone of the duplexes and altered stacking interactions.
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Two-state model

Thermodynamic parameters derived from a simple two-state
model are also shown in Table 1 for comparison. The values of
∆G�(37�C) from this model often differed significantly from
those derived from the multistate model. The values of ∆H� and
∆S�, however, show the same trends as discussed for values
derived from the multistate model; i.e. the different enthalpic and
entropic contributions from phosphorothioate substitutions in a
DNA or hybrid duplex are evident from even this simple model.

CONCLUSIONS

The oligomeric sequences d(AC)12·d(GT)12, r(AC)12·r(GU)12,
d(AC)12·r(GU)12 and r(AC)12·d(GT)12 exhibited CD spectra that
were similar to those of the corresponding polymer sequences,
demonstrating that structural parameters inherent to these se-
quences were preserved in the shorter 24 nt oligomers.

The CD spectra of ssDNA oligomers containing phosphoro-
thioate backbones differed considerably from CD spectra of
unmodified DNA oligomers of the same sequence. This effect
was alleviated when the modified DNA was hybridized with its
complementary RNA and the effect was partially alleviated when
hybridized to its complementary DNA. However, when both
strands of a DNA duplex contained phosphorothioate modifica-
tions, the CD spectrum of the resulting duplex differed markedly
from the spectrum of either the unmodified DNA duplex or the
DNA duplex containing modifications in one strand. This could
result from an increased flexibility in the phosphorothioate-modi-
fied DNA strands, such that when one strand is modified the
remaining unmodified (either DNA or RNA) strand has a
dominant role in determining the structure. Hence, when both
strands of a DNA duplex are modified, it is possible that increased
flexibility in both strands leads to a structure different from the
unmodified duplex. Benimetskaya et al. (29) previously sug-
gested that phosphorothioate-modified DNA is more rigid than
unmodified DNA because of a proposed reduction in the
tetrahedral angle of the bridging O-P-O which could limit the
conformational entropy of the oligomer. While the O-P-O angle
may be reduced by the presence of the sulfur atom, our data are
more consistent with an increase in flexibility of phosphorthioate-
modified DNA strands.

Thermodynamic analysis of the modified and unmodified
DNA duplexes revealed that the factor driving the reduction in Tm
of the modified duplexes was a decrease in ∆S� for formation of
the complex. ∆H� for each of the modified DNA duplexes with
a modification in one strand was greater than that for the
unmodified duplexes, indicating that changes induced by the
phosphorothioate modification did not adversely effect ∆H� for
formation of the DNA duplexes. Therefore, at 37�C, ∆G� values
for both of the singly modified duplexes were approximately the
same as for the unmodified dsDNA. This is an important finding
because it has previously been thought that S-DNA would not act
as a significant competitor to other dsDNA sequences because it
possesses a lower melting temperature. This may not be the case
at 37�C at physiological salt concentration.

Phosphorothioate-modified DNA·RNA hybrids S-d(AC)12·
r(GU)12 and r(AC)12·S-d(GT)12 had CD spectra very similar to
those of the corresponding unmodified hybrids; however, melting
temperatures for the modified hybrids were reduced by 6.8 and

9.7�C. It appears that the reduced stability imparted by the
phosphorothioate modification did not result from differing
duplex conformations induced by the sulfur modification because
the CD spectra of these hybrids were very similar to those of the
unmodified duplexes. Thermodynamic analysis of the hybrids
revealed that although the ∆S� values for formation of the
modified hybrids were slightly more favorable, possibly as a
result of differences in the ordering of water around the
backbones of the modified and unmodified hybrids, the values for
∆H� were lower [for both S-d(AC)12·r(GU)12 and
r(AC)12·S-d(GT)12] than those of the unmodified hybrids.
Therefore, in the case of DNA·RNA hybrids the factor driving the
reduction in Tm of phosphorothioate-modified hybrids was a
decrease in ∆H� and not a decrease in ∆S� as in the case of the
DNA duplexes.

In summary, the effect on the structure and stability of
complexes formed with phosphorothioate-modified DNA dif-
fered depending on the nature of the complementary strand. In a
complex with another DNA strand, phosphorothioate-modified
DNA altered the structure, as determined by CD spectroscopy,
relative to that of unmodified DNA duplexes of the same
sequence, and lowered the melting temperature by decreasing
∆S� for the reaction. On the other hand, phosphorothioate-modi-
fied DNA in a complex with a complementary RNA strand did
not alter the structure, compared with that of the unmodified
hybrid of the same sequence, and lowered the Tm by decreasing
∆H�. At physiological salt concentration, Tm values of the
modified hybrids were decreased by about the same magnitude as
were the Tm values of the DNA duplexes modified in one strand,
but were mediated by different mechanisms.
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