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ABSTRACT: The conformational stability (difference between the free energies of the folded and unfolded
states,∆G°) of a DNA duplex is considered as a function of component energy terms, hydrophobic, base
stacking, hydrogen bonding, van der Waals, and electrostatic, and a trinucleotide-level helix stiffness
parameter measured in terms of its Young’s modulus. Hydrophobic and base stacking energy components
were determined with the use of the crystal structure data of 30 DNA duplexes judicially selected within
a resolution of 1.5 Å, and hydrogen bonding, van der Waals and electrostatic terms were determined
through an extensive review of experimental and theoretical studies. The stiffness indices for the
trinucleotides were the ones realized by M. M. Gromiha [(2000)J. Biol. Phys. 26, 43-50] using the
crystal structure data of 70 DNA duplexes. The unfolded state was treated in the classical way to determine
its stability. Thermodynamically determined∆G° values for 111 DNA duplexes, with the number of base
pairs ranging from 4 to 16, were selected in two sets, and the regression equation formed with one set
was used to predict the stabilities of the other set, taking the energy components and the stiffness parameter
to be independent variables. The computed energy terms indicate that the base stacking and hydrogen
bonding forces are the dominant and the hydrophobic and electrostatic forces the weak partners in imparting
stability to the duplexes. This model predicts∆G° values for DNA duplexes examined with a level of
accuracy similar to that used for predictions made by the widely used nearest-neighbor models. The
uniqueness of this model is that it combines the crystal and thermodynamic data for interpretation of
conformational stability.

A number of knowledge-based secondary structure predic-
tion algorithms have been developed with the use of crystal
structure data of globular proteins (1-7). These algorithms,
apart from delineating pathways from primary structure to
secondary structure, have provided valuable information
about the differential role of stability factors from nonbonded
atoms as well as the influence of surrounding solvent medium
on the conformational preferences of protein chains. Because
of the inherent limited number of basic building block units
in nucleic acids compared to proteins (5 nucleotides vs 20
amino acids), and the associated limit of external input
parameters for the building block units, developing successful
secondary structure prediction algorithms remains a difficult
task for workers in the field, and hence, only a few attempts
have so far been reported (8-12). An encouraging develop-
ment of the recent past is the rate of reporting of thermo-
dynamic parameters for a variety of oligonucleotides (13).
A judicial combination of these parameters with the wealth
of crystal structure data (14) for related oligonucleotides may
form a strong database for use in newer theoretical techniques
targeting secondary and higher-order structural elements and
their associations in nucleic acid systems, especially in RNA
molecular families.

Preludes to algorithms for localized secondary structural
elements are algorithms for predicting the global stability
of oligo/polynucleotides, defined as the free energy difference
(∆G°) between their folded native state and their unfolded
structure-less state, which ignores any sequence dependence
for the structure. The widely used models for predicting the
thermodynamic stability of oligonucleotides from their
sequence is the nearest-neighbor model originally developed
by Zimm (15) and the ones then evolved from it (16-24).
The basic input in these models is the stacking characteristics
of neighboring base pairs in the sequence, which are
extracted from stability comparisons of oligonucleotides
differing in appropriate base sequences. These models
incorporate parameters, such as duplex initiation, symmetry
correction, end effect, etc., in addition to stacking and
hydrogen bonding abilities. Analysis of thermodynamic
results (22) indicates two distinctive observations. First,
duplexes with the same nearest neighbors but different base
compositions and therefore different ends consistently exhibit
different stabilities (see Table 3 of ref22). Second, pairs of
groups of sequences with identical nearest neighbors and
identical ends do not have identical thermodynamic proper-
ties, indicating the presence of non-nearest-neighbor effects
(in Table 2 of ref22, duplexes AACUAGUU and ACU-
UAAGU differ in their ∆G° values by 1 kcal/mol; see also
the duplex families which have∆G° values differing by more
than 0.5 kcal/mol). Alternative models so far proposed to
incorporate additional parameters to take care of the two
distinctive experimental observations stated above have
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improved the predictions to a certain extent. Also, as the
thermodynamic experiments are carried out under different
experimental conditions, and as there are more than a dozen
nearest-neighbor-type theoretical models which widely differ
in their predictive abilities (21, 23, 24), much work must be
done to obtain results that could be interpreted in terms of
fundamental interactions that are responsible for the molec-
ular stabilities. This also means that it is advisable to look
for predictive models that incorporate parameters outside the
thermodynamic measurements.

One approach is to develop models for describing the
stability that will include, in addition to thermodynamic
parameters, knowledge-based inputs derived from the vast
crystal structure data for oligonucleotides available today.
For example, the hydrophobic factor realized via water
accessibility computations enriched the protein models in an
exciting way (25-28). Second, the base stacking parameter
set could be determined through atom-atom interactions with
the use of the crystal data. Third, the classical secondary
force factors, van der Waals, electrostatic, charge-charge,
charge-dipole, etc., can be incorporated into the model.

In the early 1990s, P. K. Ponnuswamy made attempts to
enumerate the stability factors, hydrogen bonding, base
stacking, van der Waals, electrostatic, and hydrophobic
interactions, from the knowledge of the crystal structures of
DNA-RNA duplexes and tRNA molecules, and translated
them into contributions of the free energy to the stability of
nucleic acid systems (29). Using the thermodynamic experi-
mental (∆G°) values and computed component free energy
terms for a set of duplexes, multiple regression equations
were set up to predict duplex stabilities. There was very good
agreement between the theoretical predictions and experi-
mental observations for the considered duplexes with 4-16
base pairs and tRNA molecules. These authors found no
relationship between∆G° andN, the number of nucleotides
in the molecule. They also pointed out that due to the basic
difference between the numbers and kinds of building units
and the chain architectures, the unfolded and folded states
of nucleic acids substantially differed from those of proteins
in their physical ability to associate with water. This has
resulted in a dominant role for the hydrophobic factor in
protein stability and a smaller role in nucleic acid stability.

These findings were derived by using the then available
smaller set of crystal structures of 15 duplexes and two tRNA
molecules. The phenomenal growth of thermodynamic (13)
and crystal structure (14) data on DNA-RNA duplexes
during the past 10 years has prompted us to improve our
model for investigating nucleic acid stability. Using the
enriched crystal data, we improved the two important stability
factors, namely, hydrophobic and base stacking. We included
three additional factors, namely, duplex rigidity (which
includes the non-neighbor effect on stability), duplex initia-
tion, and symmetry correction. This improved model is very
simple, and it predicts duplex stability satisfactorily. Also,
it provides a physical basis for the stability in terms of
classical and derived forces that cooperatively help the duplex
structures to be strong enough to maintain a stable structure
and weak enough to have flexibility to perform a function.
In this article, we develop the model and describe the results
for DNA duplexes, and in the following article, we deal with
the model for RNA duplexes.

METHODS

The main feature of this model is the computation of free
energiesGf° and Gu° of the folded native and unfolded
structure-less states, respectively, of the duplex molecules.
Once these quantities are evaluated in terms of various
stability factors, the conformational stability of a duplex
molecule could be taken as the difference between these free
energies:

Free Energy of the Folded State.The free energy of the
folded state (Gf°) is taken to be the sum of various classical/
empirical stability factors:

The partial energy terms on the right-hand side of the
equation are the contributions from hydrophobic (Ghy°), base
stacking (Gbs°), stiffness (Gsf°), hydrogen bonding (Ghb°),
van der Waals (Gvw°), and electrostatic (Gel°) interactions
within the molecules. Below, we briefly describe the methods
for computing each of these terms.

Ghy°. The differential effect of the solvent on the folded
state when compared to the unfolded state is represented by
the term “hydrophobic”. This part of free energy is computed
using the expression

where∆σi values are the atomic solvation parameters (ASPs)
which help to quantify the hydrophobic free energy terms
as formulated by Eisenberg and McLachlan (30) and
Ai(folded) andAi(unfolded) represent the water accessible
surface areas (ASAs) of corresponding atoms in the folded
and unfolded states, respectively, of moleculei. We used
the same set of∆σ values for the atom species [nonpolar
carbon, C (2.37 cal mol-1 Å-2), polar neutral, N/O (-2.81
cal mol-1 Å-2), polar charged, O (-17.05 cal mol-1 Å-2),
and phosphate, P (0.0 cal mol-1 Å-2)] delineated by us in
our earlier work (29).

The ASA of any molecule is simply the sum of ASAs of
constituent atoms in the molecule. We used ACCESS,
developed by Richmond and Richards (31), to compute the
ASAs by using the atomic coordinates of molecules in the
crystal state. While it is straightforward to compute
Ai(folded), it is difficult to computeAi(unfolded), as there is
no crystal geometry for the unfolded state. We assumed that
the unfolded state is the fully extended state having the
maximum water accessible surface area for each residue. As
in practice, we considered a set of triresidue segments (Q-
X-P) in extended conformations and computed the ASA for
X as the average of ASAs of all X residues in the considered
segments. In our earlier work (29), we considered 226 Q-X-
P-type trinucleotide segments found in the nucleic acid data
bank and computed their ASAs. The highest possible values
for each of the atoms in the common nucleotides [X)
adenine (A), thymine (T), guanine (G), cytosine (C), or uracil
(U)] were taken to be the accessibilities of the atoms in the
respective nucleotide when it is in the extended reference
conformation. The sum of the highest ASA values of the
constituent atoms was taken to be the highest ASA of the

∆G° ) Gf° - Gu° (1)

Gf° ) Ghy° + Gbs° + Gsf° + Ghb° + Gvw° + Gel° (2)

Ghy° ) ∆σi[Ai(folded)- Ai(unfolded)] (3)
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respective X residue. Since the highest ASAs for the five
common nucleotides are thus known, the ASA for any
molecule in the extended state can be computed as the sum
of the ASAs of the constituent nucleotides in it.

Once∆σi, Ai(folded), andAi(unfolded) are known for a
duplex, we can computeGhy° from eq 3.

Gbs°. The base stacking energy term was computed using
the model proposed by Olson (32). This model uses the
expression

whereqi andqj are the partial charges of,Ri andRj are the
polarizabilities of, andrij values are the distances between
atomsi andj from the stacking bases, respectively.D is the
dielectric constant, which was taken to be 4r, a distance-
dependent value (32). Since the van der Waals and electro-
static energy terms are computed separately, the charge-
induced dipole interaction alone is considered here as the
base stacking energy. The partial charges were taken from
the work of Cieplaket al. (33) and the polarizabilities from
the work of Halgren (34). We selected the same 30 DNA
duplex crystal structures (which were used in computing the
Ghy° term above) for computing the base stacking energy
term.Gbs° was computed for each sequentially neighboring
doublet of bases in the individual and paired strands of the
30 DNA duplex structures. In a double helix, considering
two nearby base pairs involving four bases, bases 1 and 2 in
one strand and the complementing bases 3 and 4 in the other
strand, the stacking interactions in bases 1 and 2 and in bases
3 and 4 pertain to intrastrand base stacking, and stacking
interactions in bases 1 and 3 and in bases 2 and 4 pertain to
interstrand base stacking. Accordingly, in a set of double
helices, we obtain (on averaging) a 5× 5 matrix of stacking
parameters for the interactions in the two independent (intra)
strands, and another 5× 5 matrix of parameters for the
interactions between the two (inter) strands. The parametric
entries of these two matrices were then used to compute the
term Gbs° for any duplex.

Gsf°. Gromiha (35) has recently computed the Young’s
modulus for the 32 possible trinucleotide units in DNA
molecules using the crystal data of 70 DNA duplexes and
assuming the elastic rod model for DNA. This parameter
set, called the structure-based stiffness scale, being sequence
dependent, is reported to highly correlate with protein-DNA
binding data for the molecular assemblies, 434-repressor, and
Cro-repressor. Since this scale helps to characterize the
behavior of individual trinucleotides we included it in our
model to incorporate the sequence effect on the free energy
of folding of duplex molecules. In essence, this scale reflects
the relative rigidities of the 32 trinucleotides with respect to
each other, and hence reflects the relative strengths of
operating forces in the trinucleotides. Inclusion of this
parameter in our model simply means the normalization of
forces that impart stability to the trinucleotide units in the
duplexes.

Ghb°, GVw°, and Gel°. In our earlier studies (29), we
computed these terms on the basis of an extensive survey of
experimental and theoretical results on the strengths of these
three forces reported in the literature. We indicated that the
Ghb° term contributes approximately 1.0 kcal/mol per hy-
drogen bond and theGvw° andGel° terms contribute 1.0 and

0.2 kcal/mol per nucleotide, respectively. Accordingly, the
expressions used for computing these terms were

whereNhb is the number of hydrogen bonds (two per A‚T
pair and three per G‚C pair) and N is the number of
nucleotides in the duplex. We also used these expressions
in the work presented here.

Free Energy of the Unfolded State (Gu°). The ideal
unfolded state for a polynucleotide chain is the random coil
in which the dihedral angles about all the bonds in the
backbone and bases are independent so that the free energy
is mainly from chain configurational entropy (Gen°), the
energetics of interactions between different parts of the chain
being balanced by interactions from the solvent (36).
However, this situation is highly impossible to achieve, as
there may be certain interactions between parts of the chain
which are energetically more favored than the chain solvent
interactions. This means that there is a nonentropic (Gne°)
energy contribution that affects the degree of disorder in the
random coil state. Two possible classes of interactions in
the unfolded state are the weak hydrogen bonds between the
chain and the solvent and steric interactions among parts of
the chain, which may occur for fractions of the totally random
configurations. We presume the steric (including base
stacking) interactions are of negligible magnitude and the
hydrogen bond interactions are similar to those between
molecules of liquid water. As an approximation, we omit
the steric interactions and assume that the hydrogen bonds
present in the fractional random configurations similar to
those of liquid water could be taken to be half the number
found in the folded state (37, 38). Accordingly, the free
energy term for the unfolded state is taken to be the sum of
the entropicGen° and nonentropicGne° terms

and the expressions for computing these terms are

∆S could be computed with the number of points of
flexibility in the molecule and the number of orientations of
equal energy at each such point as suggested by Kauzmann
(36).

Duplex Formation and Symmetry Considerations.When
the duplex is nucleated joining the two independent strands,
the process encounters an unfavorable entropic situation, and
this is represented by the termGdi°. This duplex association
process also differs depending upon whether the two strands
are self-complementary. The energetics of this symmetry
feature is represented by the termGsm°. Different comparable
values have been reported forGdi° by various authors (19,
20). We assumed a value of 3.4 kcal/mol which was followed
by Sugimotoet al. (19). As widely used (19, 20), we adopted
a value of 0.4 kcal/mol forGsm° if the duplex was non-self-

Gbs° ) -166(qi
2Rj + qj

2Ri)/Drij
4 (4)

Ghb° ) 1.0Nhb (5)

Gvw° ) 1.0(N - 1) (6)

Gel° ) 1.0(N - 1) (7)

Gu° ) Gen° + Gne° (8)

Gen° ) -T∆S (9)

Gne° ) 1/2Ghb° (10)
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complementary and 0.0 if it was self-complementary. Both
of these parameters were included as unfavorable energy
terms in the regression equations of the individual duplexes.

Regression Analysis.Taking the component energy terms
and the experimental∆G° (eqs 1 and 2) for each of the
molecules, one could set up multiple linear regression
equations of the type

where

where i ) 1-n, n being the number of molecules,∆G°
values being the experimentally known variables, andX being
the coefficients. Since the unfolded state is being considered
by a single energy term,Gu°, the relevant coefficient is taken
to be 1;Gdi° andGsm° are also constant values for a duplex,
and their coefficients are also taken to be 1. Treating all the
energy terms as independent variables, we could set up a
predictive regression equation

whereA values are regression coefficients.
As per our model, each of the four energy terms (Ghy°,

Ghb°, Gel°, andGvw°) is approximated to be linearly dependent
on N - 1, where N is the number of nucleotides in a
molecule, and treating them as independent variables in the
regression technique may not provide unique information
about the characteristic behavior of each of these energy
components. Hence, we considered the sum of these four
energy terms

as the common single term in the regression equation.
Accordingly

This equation was considered in the predictive attempts
presented here.

RESULTS AND DISCUSSION

Hydrophobic Energy of Duplexes.In our previous work
(29) when we analyzed the computedGhy° for a set of
oligonucleotides for which the crystal structures were then
known, we found a linear relationship betweenGhy° andN
- 1, whereN is the number of nucleotides in a molecule. In
the work presented here, we considered 30 DNA oligonu-
cleotides (which had no drug association bulge, mismatch,
etc.) with a resolution ofe1.5 Å. This set of duplexes was
selected from the Nucleic Acid Data Bank (14) after duplexes
with similar lengths and similar experimental∆G° values
had been eliminated. The duplex structures thus selected
(with NAD entries) are as follows: AD003 for AGGGGC-
CCCT (39), AD004 for AGGGGCCCCT (39), AD007 for
GCGTATACGC (40), ADH039 for GTGTACAC (41), BD-
0006 for GGCCAATTGG (42), BD0012 for CGCGAAT-

TCGCG (43), BD0013 for CGCGAATTCGCG (43), BD0014
for CGCGAATTCGCG (44), BD0018 for GCGAATTCGCG
(45), BD0024 for CCGAATGAGG (46), BD0030 for CGC-
GAATTCGCG (40), BD0035 for CCGCGCTGG (47),
BD0037 for GCGAATTCG (48), BD0038 for CGCGAAT-
TCGCG (49), BD0041 for CGCGAATTCGCG (50), BDJ008
for CCAAGATTGG (51), BDJ025 for CGATCGATCG (52),
BDJ031 for CGATTAATCG (53), UD0005 for GUTG-
CAAC (54), UDB004 for CGCG (55), UDB005 for CGCG
(56), UDJ032 for AGGCATGCCT (57), ZD0003 for
CGCGCG (58), ZDD023 for CGCG (59), ZDF002 for
CGCGCG (60), ZDF013 for CGCGTG (61), ZDF028 for
CGCGCG (62), ZDF053 for CGCGCG (63), ZDF060 for
TGCGCA (64), and ZDFB05 for CGCGCG (65).

The Ghy° values computed using eq 3 were used to
determine the relationship betweenGhy° andN - 1. The data
plotted in Figure 1 show a good linear relationship

with a coefficient of determination (R2) of 0.74 and a standard

(X1Ghy°)i + (X2Gbs°)i + (X3Gsf°)i + (X4Ghb°)i +
(X5Gel°)i + (X6Gvw°)i - Gus° ) ∆G° (11)

Gus° ) Gdi° + Gsm° + Gu° (12)

∆G° ) A0 + A1Ghy° + A2Gbs° + A3Gsf° + A4Ghb° +
A5Gel° + A6Gvw° - Gus° (13)

Glc° ) Ghy° + Ghb° + Gel° + Gvw° (14)

∆G° ) A0 + A1Glc° + A2Gbs° + A3Gsf° - Gus° (15)

FIGURE 1: Relationship between hydrophobic free energy and the
number of nucleotides in DNA duplexes.

Table 1: Intra- and Interstrand Base Stacking Energies (kilocalories
per mole)a

A T C G

intrastrand A 0.82 (26) 0.55 (34) 0.67 (10) 0.48 (10)
T 0.45 (8) 0.32 (22) 0.45 (22) 0.31 (17)
C 0.45 (15) 0.25 (11) 0.8 (19) 0.85 (118)
G 0.71 (28) 0.58 (7) 0.88 (75) 0.69 (27)

interstrand A 0.07 (3) 0.24 (29) 0.14 (3) 0.17 (4)
T 0.22 (32) 0.06 (2) 0.02 (2) 0.14 (2)
C 0.15 (3) 0.04 (3) 0.09 (6) 0.57 (55)
G 0.18 (4) 0.15 (2) 0.41 (87) 0.15 (13)

a See the Methods.

Table 2: Structure-Based DNA Stiffness (Young’s Modulusa)
Parameters for Trinucleotides

trinucleotide
Young’s
modulus trinucleotide

Young’s
modulus trinucleotide

Young’s
modulus

AAA/TTT 4.80 AAC/GTT 3.90 AAG/CTT 1.91
AAT/ATT 2.96 ACA/TGT 4.70 ACC/GGT 1.57
ACG/CGT 7.09 ACT/AGT 3.63 AGA/TCT 4.03
AGC/GCT 4.58 AGG/CCT 4.34 ATA/TAT 2.36
ATC/GAT 1.83 ATG/CAT 3.19 CAA/TTG 2.53
CAC/GTG 3.36 CAG/CTG 2.40 CCA/TGG 3.25
CCC/GGG 6.07 CCG/CGG 2.40 CGA/TCG 2.82
CGC/GCG 3.33 CTA/TAG 4.75 CTC/GAG 4.03
GAA/TTC 2.70 GAC/GTC 7.83 GCA/TGC 3.75
GCC/GGC 3.16 GGA/TCC 3.69 GTA/TAC 2.19
TAA/TTA 2.72 TCA/TGA 2.97

a In units of ×108 newtons per square meter.

Ghy° ) 1.608+ 0.214(N - 1) (16)
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Table 3: Energy Components and Experimental and Predicted Conformational Stabilities of DNA Duplexesa

Set 1 (from ref20)

duplex N ∆Ghy° ∆Ghb° ∆Gel° ∆Gvw° ∆Gbs° ∆Gsf° Gu° ∆Ge° ∆Gp° ∆Gsl°

1 CCGG 8 3.1 12 1.4 7 6.6 6.2 30.0 3.5 4.2 3.4
2 CGCG 8 3.1 12 1.4 7 7.1 7.8 30.0 4.0 4.3 4.2
3 GCGC 8 3.1 12 1.4 7 7.2 7.8 30.0 4.4 4.3 4.4
4 CCGCGG 12 4.0 18 2.2 11 11.1 10.5 45.0 8.0 8.0 7.8
5 CGATCG 12 4.0 16 2.2 11 9.2 9.1 44.0 5.3 5.7 5.6
6 CGCGCG 12 4.0 18 2.2 11 11.5 11.7 45.0 8.3 8.1 8.6
7 CGGCCG 12 4.0 18 2.2 11 11.1 10.3 45.0 8.3 8.0 7.8
8 CGTACG 12 4.0 16 2.2 11 9.2 15.1 44.0 5.4 5.8 5.4
9 GACGTC 12 4.0 16 2.2 11 8.9 22.5 44.0 5.6 6.0 5.7

10 GCATGC 12 4.0 16 2.2 11 8.5 12.1 44.0 5.6 5.7 5.8
11 GCCGGC 12 4.0 18 2.2 11 11.1 10.3 45.0 8.5 8.0 8.0
12 GCGAGC 12 4.0 17 2.2 11 9.7 13.2 44.5 7.7 6.9 7.5
13 GCGCGC 12 4.0 18 2.2 11 11.6 11.7 45.0 9.1 8.1 8.8
14 GCTAGC 12 4.0 16 2.2 11 8.3 15.2 44.0 5.3 5.8 5.3
15 GGATCC 12 4.0 16 2.2 11 8.8 10.2 44.0 5.0 5.6 5.0
16 GGCGCC 12 4.0 18 2.2 11 11.1 11.5 45.0 7.9 8.0 8.0
17 GGGACC 12 4.0 17 2.2 11 9.5 15.4 44.5 6.5 6.9 6.4
18 GTGAAC 12 4.0 15 2.2 11 7.6 11.5 43.5 5.1 4.5 4.9
19 CAAAAAG 14 4.4 16 2.6 13 8.2 14.1 50.0 4.8 4.2 4.8
20 CAAAAAAG 16 4.8 18 3.0 15 9.5 17.2 57.0 5.7 5.0 5.8
21 CAAGCTTG 16 4.8 20 3.0 15 9.8 13.8 58.0 7.0 7.0 7.2
22 CATCGATG 16 4.8 20 3.0 15 10.6 13.0 58.0 7.6 7.1 7.0
23 CGATATCG 16 4.8 20 3.0 15 11.6 12.1 58.0 6.9 7.1 6.9
24 CGTCGACG 16 4.8 22 3.0 15 13.3 25.9 59.0 9.8 9.9 9.8
25 GAAGCTTC 16 4.8 20 3.0 15 10.6 14.0 58.0 7.0 7.1 7.3
26 GATCGATCG 18 5.3 22 3.4 17 9.3 13.9 65.0 7.6 7.6 7.2
27 GATGCATC 16 4.8 20 3.0 15 10.6 15.1 58.0 7.3 7.1 7.2
28 GGAATTCC 16 4.8 20 3.0 15 11.5 16.2 58.0 6.8 7.2 7.0
29 GGACGTCC 16 4.8 22 3.0 15 12.9 26.5 59.0 9.0 9.8 9.2
30 GGAGCTCC 16 4.8 22 3.0 15 11.9 19.3 59.0 8.7 9.5 8.8
31 GGTATACC 16 4.8 20 3.0 15 11.2 12.2 58.0 5.5 7.0 6.1
32 GTACGTAC 16 4.8 20 3.0 15 10.3 17.1 58.0 7.1 7.2 6.8
33 GTAGCTAC 16 4.8 20 3.0 15 10.3 18.3 58.0 7.0 7.2 6.4
34 GTTGCAAC 16 4.8 20 3.0 15 10.9 16.9 58.0 7.8 7.2 7.7
35 CAAAAAAAG 18 5.3 20 3.4 17 10.9 20.3 64.0 7.2 5.8 6.8
36 CAAACAAAG 18 5.3 21 3.4 17 11.0 18.9 64.5 7.7 6.8 7.6
37 CAAATAAAG 18 5.3 20 3.4 17 10.6 17.5 64.0 6.5 5.6 6.1
38 CAAAGAAAG 18 5.3 21 3.4 17 10.7 17.8 64.5 7.3 6.7 7.4
39 GCGAATTCGC 20 5.7 26 3.8 19 16.4 19.0 73.0 12.9 11.1 12.2
40 CCATCGCTACC 22 6.1 29 4.2 21 17.0 19.6 80.5 13.3 12.7 12.9
41 GCGAAAAGCG 20 5.7 26 3.8 19 15.9 21.7 73.0 11.9 11.1 12.6
42 CCATTGCTACC 22 6.1 28 4.2 21 15.7 20.2 80.0 12.2 11.5 11.7
43 CTGACAAGTGTC 24 6.5 30 4.6 23 15.2 30.7 87.0 12.6 12.4 12.9
44 CATATGGCCATATG 28 7.4 34 5.4 27 18.7 24.7 101.0 12.7 13.8 13.2
45 TCATGA 12 4.0 14 2.2 11 6.8 15.3 43.0 3.3 3.5 3.4
46 TGATCA 12 4.0 14 2.2 11 6.8 13.5 43.0 2.8 3.5 3.4
47 AAAAAAAA 16 4.8 16 3.0 15 9.8 26.0 56.0 4.5 3.2 3.9
48 TAGATCTA 16 4.8 18 3.0 15 9.0 22.3 57.0 5.1 5.1 4.2
49 TCTATAGA 16 4.8 18 3.0 15 9.0 22.8 57.0 4.3 5.1 4.2
50 ATGAGCTCAT 20 5.7 23 3.8 19 11.8 24.2 71.5 10.0 7.6 9.5
51 TTTTATAATAAA 24 6.5 24 4.6 23 12.2 25.9 84.0 5.5 5.6 5.8
52 CAACTTGATATTATTA 32 8.2 35 6.2 31 19.6 25.9 113.5 12.4 11.8 12.7
53 CCCGGG 12 4.0 18 2.2 11 10.6 17.2 45.0 6.9 8.2 7.0
54 CCCAGGG 14 4.4 20 2.6 13 10.6 21.7 52.0 7.9 8.9 7.8
55 CGCGAATTCGCG 24 6.5 32 4.6 23 20.8 26.0 88.0 20.6 15.0 16.4
56 GTATACCGGTATAC 28 7.4 34 5.4 27 20.2 21.8 101.0 12.3 16.8 17.4
57 CGCATGGGTACGC 26 7.0 35 5.0 25 21.1 31.1 95.5 14.4 13.7 13.0
58 CATATTGGCCAATATG 32 8.2 38 6.2 31 21.4 27.7 115.0 13.2 15.2 15.3
59 GTATAACCGGTTATAC 32 8.2 38 6.2 31 22.9 25.2 115.0 14.3 15.2 15.0
60 CGCGTACGCGTACGCG 32 8.2 44 6.2 31 29.0 35.8 118.0 29.1 22.6 24.1

rmsdb 1.4 1.2
rmsdc 0.7 0.4

Set 2 (from ref19)

duplex N ∆Ghy° ∆Ghb° ∆Gel° ∆Gvw° ∆Gbs° ∆Gsf° Gu° ∆Ge° ∆Gp° ∆Gsu°

1 AGCCG 10 3.5 14 1.8 9 7.9 8.8 37.0 5.6 4.9 5.3
2 ACCGCA 12 4.0 16 2.2 11 9.5 10.9 44.0 6.7 5.7 7.0
3 ATGCGC 12 4.0 16 2.2 11 9.5 11.8 44.0 7.3 5.8 6.6
4 CGGTGC 12 4.0 17 2.2 11 9.5 10.9 44.5 7.2 6.8 7.0
5 CGTGCC 12 4.0 17 2.2 11 9.7 13.6 44.5 6.9 6.9 7.0
6 TGCGCA 12 4.0 16 2.2 11 9.1 12.3 44.0 6.9 5.8 7.0

a Subscripts: e, experimental; p, predicted by this work; sl, SantaLuciaet al. (20) prediction; su, Sugimotoet al. (19) prediction.b For all 60
duplexes.c For 55 duplexes [excluding five duplexes (50, 55, 56, 58, and 60 in the list) which have an rmsd of>2]. All G values (kilocalories per
mole) are negative.∆Gp° of set 1 determined by eq 17 and∆Gp° of set 2 determined by eq 18.
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error of 0.76. This equation was used to computeGhy° for
molecules considered in our predictive scheme.

Base Stacking Energy.For computing this energy term
using eq 4, we used the same 30 DNA duplexes (eliminating
two duplexes for whichN ) 4) used for computing theGhy°
term above. When the computed results were averaged over
the two possible 5× 5 matrices (as enumerated in the
Methods) of base doublets, one set for intrastrand and another
for interstrand, we obtained the values listed in Table 1. The
entries in parentheses are the frequencies of occurrence of
the respective doublet neighbors. Since the frequencies of
occurrence of doublets involving the base U are small or
zero, we did not consider duplexes with U for our predictive
attempts. We note from this table that the stacking character
of doublets varies with the order of sequence. For example,
the intrastrand stacking energies indicate that G‚C, C‚G, A‚
A, and A‚C base pairs come in order of stability, while the
interstrand stacking energies indicate that C‚G, G‚C, A‚T,
and T‚A base pairs come in order. Such distinctive behavior
is seen in each of the stacking base‚base units. In general,
the intrastrand stacking is stronger than the interstrand

stacking in any pairing units. We used this table of sequence-
dependentGbs° values in the predictive cases.

Stiffness Term.Table 2 lists the structure-based stiffness
(Young’s modulus) parameters for the 32 relevant trinucleo-
tide sequences in DNA duplexes as determined by Gromiha
(35). From this table, we note that a strong sequence-
dependent character is exhibited by the triplets; GAC/CGT,
ACG/CGT, and CCC/GGG are the stiffest and ACC/GGT,
ATC/GAT, and AAG/CTT the most flexible trinucleotides.

Regression Results.We selected 111 DNA duplexes in
two sets. Set 1 includes 60 duplexes taken from Table 2 of
the work of SantaLuciaet al. (20), and set 2 includes 51
duplexes taken from Table 2 of Sugimotoet al. (19) (Table
2 of Sugimotoet al. contains 65 duplexes, and of these, 14
are duplicates to duplexes listed in Table 2 of SantaLuciaet
al.; we eliminated these duplicated cases). For all these
duplexes, the experimental∆G° values were determined at
37 °C in 1 M NaCl. The various energy terms in eq 15 were
then computed for both sets of molecules with the use of
expressions described in the Methods. The computed values
are given in Table 3. Taking the numerical values ofGlc°,

Table 3. (Continued)

Set 2 (from ref19)

duplex N ∆Ghy° ∆Ghb° ∆Gel° ∆Gvw° ∆Gbs° ∆Gsf° Gu° ∆Ge° ∆Gp° ∆Gsu°

7 AATACCG 14 4.4 17 2.6 13 10.0 10.7 50.5 5.9 5.3 6.0
8 AGCCGTG 14 4.4 19 2.6 13 10.5 17.5 51.5 8.5 7.7 8.5
9 AGCTTCA 14 4.4 17 2.6 13 8.7 13.8 50.5 6.1 5.3 6.3

10 GGACTTA 14 4.4 17 2.6 13 8.9 14.6 50.5 5.6 5.3 5.3
11 AAGCGTAG 16 4.8 20 3.0 15 11.0 18.4 58.0 8.0 7.3 8.3
12 AATCCAGT 16 4.8 19 3.0 15 10.3 15.4 57.5 6.8 6.0 7.0
13 ACATATGT 16 4.8 18 3.0 15 9.4 17.4 57.0 5.7 4.9 5.3
14 ACCTAGTC 16 4.8 20 3.0 15 10.5 21.7 58.0 6.5 7.3 7.1
15 ACGACCTC 16 4.8 21 3.0 15 12.0 20.7 58.5 8.7 8.4 9.0
16 AGAGAGAG 16 4.8 20 3.0 15 9.0 19.0 58.0 7.4 7.1 7.1
17 AGCGTAAG 16 4.8 20 3.0 15 10.9 16.5 58.0 7.8 7.2 8.3
18 AGTCCTGA 16 4.8 20 3.0 15 10.1 18.2 58.0 7.5 7.1 7.9
19 ATGCGCAT 16 4.8 20 3.0 15 11.8 17.0 58.0 9.0 7.3 8.8
20 CACGGCTC 16 4.8 22 3.0 15 12.4 19.5 59.0 10.0 9.5 10.0
21 CCATATGG 16 4.8 20 3.0 15 10.4 15.5 58.0 6.8 7.1 6.5
22 CGCGTATA 16 4.8 20 3.0 15 12.1 16.1 58.0 8.4 7.3 8.7
23 CGCTGTAA 16 4.8 20 3.0 15 11.1 15.8 58.0 7.9 7.2 8.5
24 CTAGTGGA 16 4.8 20 3.0 15 9.7 18.2 58.0 7.5 7.1 7.3
25 CTCACGCG 16 4.8 22 3.0 15 12.6 18.4 59.0 9.8 9.5 10.0
26 CTGAGTCC 16 4.8 21 3.0 15 10.4 20.7 58.5 8.0 8.3 7.9
27 GAATATTC 16 4.8 18 3.0 15 10.0 14.5 57.0 4.3 4.9 4.3
28 GACTAGTC 16 4.8 20 3.0 15 10.0 24.1 58.0 6.6 7.3 6.1
29 GAGTACTC 16 4.8 20 3.0 15 10.0 16.9 58.0 5.8 7.1 6.1
30 GATTAATC 16 4.8 18 3.0 15 10.0 13.6 57.0 4.3 4.9 4.3
31 GCATATGC 16 4.8 20 3.0 15 11.0 16.1 58.0 7.8 7.2 6.9
32 GCCAGTTA 16 4.8 20 3.0 15 10.9 16.2 58.0 8.2 7.2 7.8
33 GGTGCCAA 16 4.8 21 3.0 15 11.7 15.2 58.5 9.0 8.3 9.2
34 GTCGAACA 16 4.8 20 3.0 15 11.3 19.5 58.0 8.3 7.3 8.3
35 GTCTAGAC 16 4.8 20 3.0 15 9.8 24.2 58.0 6.5 7.3 6.1
36 TAGGCCTA 16 4.8 20 3.0 15 10.8 19.6 58.0 8.2 7.3 7.5
37 TATGCATA 16 4.8 18 3.0 15 9.6 15.5 57.0 5.9 4.9 5.5
38 AAAAAAAAA 18 5.3 18 3.4 17 11.2 23.8 63.0 6.2 3.8 6.2
39 ATAACTGGC 18 5.3 22 3.4 17 12.2 17.1 65.0 9.0 7.9 8.7
40 ATCTATCCG 18 5.3 22 3.4 17 12.5 16.8 65.0 8.7 7.9 8.7
41 CGCTGTTAC 18 5.3 23 3.4 17 12.9 17.5 65.5 9.9 9.0 10.0
42 GCCAGTTAA 18 5.3 22 3.4 17 12.2 16.9 65.0 8.8 7.9 9.0
43 AAAAAAAAAA 20 5.7 20 3.8 19 12.6 26.9 70.0 6.7 4.6 7.4
44 CGGCAAGCGC 20 5.7 28 3.8 19 17.1 19.8 74.0 13.3 13.3 15.6
45 TAGGTTATAA 20 5.7 22 3.8 19 12.1 19.0 71.0 7.0 6.4 7.7
46 ACGTATTATGC 22 6.1 26 4.2 21 15.3 23.7 79.0 10.4 9.5 11.2
47 ATTGGATACAAA 24 6.5 27 4.6 23 15.3 23.6 85.5 10.3 9.0 11.4
48 ACATTATTATTACA 28 7.4 30 5.4 27 17.2 25.9 99.0 11.3 9.3 12.0
49 CACAG 10 3.5 13 1.8 9 5.5 13.2 36.5 3.6 3.8 3.0
50 CAACCAACCAAC 24 6.5 30 4.6 23 17.2 24.4 87.0 14.1 12.3 14.0
51 CTTCCTTCCTTC 24 6.5 30 4.6 23 16.7 24.0 87.0 14.1 12.3 13.4

rmsd 1.0 0.6
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Gbs°, Gsf°, and Gus° for each molecule in set 1 to be
independent variables on the right-hand side and the experi-
mental∆G° of that molecule to be the known variable on
the left-hand side of eq 15, we constructed 60 linear
equations. Solving these equations by regression technique,
we obtained a preliminary regression equation. Using the
coefficients of this equation, we back predicted the∆G°
values for each of the same 60 duplexes. Five duplexes
(ATGAGCTCAT, CGCGAATTCGCG, CGCATGGGTA-
CGC, CATATTGGCCAATATG, and CGCGTACGCGT-
ACGCG) exhibited residuals (∆Gpred° - ∆Gexp°) greater than
2 kcal/mol. The linear equations corresponding to these five
duplexes were then eliminated from the input. The 55
remaining linear equations were solved to obtain a regression
equation. This predictive equation was

The coefficient of determination (R2) and the standard error
for this equation were 1.0 and 0.75, respectively. Using the
equation described above, we back predicted∆G° values for
the same 55 DNA duplexes of set 1. The back-predicted
results (∆Gp° values in set 1, Table 3) agreed with the
experimental values with an rmsd of 0.7.

The back-predicted∆G° values and the experimental
values were found to be related by the linear equation

which had a coefficient of determination (R2) of 0.97 and a
standard deviation of 0.73. Now the rmsd of the residuals
was 0.67.

Predictions about New Duplexes (Set 2).Equation 17 was
then used to predict the∆G° values for the 51 duplexes of
set 2 (Table 3), which did not form part of the linear
equations used to delineate this equation.

Sample Prediction.Duplex 1 in set 2 (AGCCG):Ghy°
(from eq 3)) 3.53,Glc° ()Ghy° + Ghb° + Gel° + Gvw° )
3.53+ 14.0+ 1.8+ 9.0)) 28.33,Gbs° ) 7.9,Gsf° ) 8.84,
Gu° ) 37.0,Gdi° ) 3.4, andGsm° ) 0.4. Substituting these
numerical values into eq 17, we have

Table 3 includesGp° values predicted as a part of this
work as well as the values predicted by Sugimotoet al. (19)
for the same molecules.

The computed residuals for the predicted results of this
model and the two sets of predicted results of Sugimotoet
al. (19) with reference to the experimental values are given
in Table 3. The residuals of this work had an rmsd value of
1.0. The two duplexes, A9 and A10, had residuals of>2, viz.,
2.4 and 2.8. (The experimental∆G° values given for A8 by
SantaLuciaet al. (20) and by Sugimotoet al. (19) differ by
0.6 kcal/mol. Probably, the values of these two oligo-A
duplexes need scrutiny. Or else, it could be that crystal
stacking conditions may differ due to solution conditions.)
When these two duplexes are excluded, the rmsd value was
reduced to 0.9. The predictions of Sugimotoet al. (19) had
residuals of 0.6. Figure 2a is a plot of experimental versus

predicted∆G° values for the duplexes listed in Table 3, and
Figure 2b is a plot of the corresponding residuals.

Figure 3a shows the variation of individual energy terms
with N, the number of nucleotides in four selected duplexes.
We note from Table 3 and Figure 3a that while the
hydrophobic and electrostatic terms contribute minimally and
more or less equally, hydrogen bonding, van der Waals, and
base stacking terms contribute significantly. Though we
observe distinctive values for the base stacking term of the
individual duplexes, they show a linear relationship withN
as displayed in Figure 3b. The trend of variation of these
energy terms is similar with those of all the duplexes listed
in Table 3. The stiffness parameter (Figure 3c) indicates that
the rigidity of the duplex varies with duplex length, the
individual equally long molecules exhibiting a high order
variation, reflecting the effect of sequence.

There are several points with which to assess the predictive
ability level of the model presented here. We have at present
restricted the size of the sample of crystal data used for
computing the hydrophobic and base stacking energy pa-
rameters to 30, which had a resolution within 1.5 Å, and
without any kind of modifications in the duplexes. It is likely
that this small set could not present all possible base‚base
doublet situations that exist in the larger duplex set consid-
ered for prediction. Also, it is likely that the limitations of
treating the total energy as partitioned components (65) and
residue averages have resulted in an inadequate representation
of atomic interactions that determine the conformation of
the duplexes. Probably, because of these reasons, the back-
predicted∆Gp° values for the input molecules themselves
resulted at a slightly higher rmsd of 0.7. In light of this
inherent level of predictive accuracy in the model presented

FIGURE 2: (a) Plot of predicted and experimentally observed
conformational stabilities of DNA duplexes. (b) Plot of residuals
for DNA duplexes.

∆G° ) -7.265+ 1.570Glc° + 0.080Gbs° + 0.035Gsf° -
Gus (17)

∆Gp° ) 0.295+ 0.962Ge° (18)

∆Gp° ) -7.265+ 1.57× 28.33+ 0.08× 7.9+
0.035× 8.84- (37.0- 3.4- 0.4)) 4.9.
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here, an rmsd value of 0.9 for the duplexes, which did not
form part of the input linear equations, is a very reasonable
value for accuracy considerations.

CONCLUSION

This model differs from the widely used nearest-neighbor
(NN) model (and the improved ones) in many aspects. Apart
from hydrogen bonds, it incorporates the hydrophobic and
base stacking energy contributions into the stability which
are empirically determined from the crystal structure data

of DNA duplexes. It incorporates stability contributions
emanating from triplets in the sequence. It also includes
effects of duplex initiation and self-complementarity of
sequences. Because of these features, we are able to conceive
the thermodynamically derived stability of the duplex
systems in the form of relative competitive/additive forces
in the water environment and predict the stabilities of DNA
duplexes very satisfactorily. We are currently working to
improve the predictive ability of the model by enlarging the
crystal input in a variety of situations, including mismatches,
bulges, modifications, etc.
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