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M. Sundaralingarhand P. K. Ponnuswamy*

Macromolecular Center, Department of Chemistry and Biochemistry, The Ohio Stater&ltyi, Columbus, Ohio 43210, and
Madurai Kamaraj Unbersity, Madurai 625 021, Tamil Nadu, India

Receied August 26, 2004; Resed Manuscript Receéd September 1, 2004

ABSTRACT. The conformational stability (difference between the free energies of the folded and unfolded
states AG°) 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 A, 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 [(20D0Biol. 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 determinéds° 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 predidt&° 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
unigueness 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- Preludes to algorithms for localized secondary structural
tion algorithms have been developed with the use of crystal elements are algorithms for predicting the global stability
structure data of globular proteins<7). These algorithms,  of oligo/polynucleotides, defined as the free energy difference
apart from delineating pathways from primary structure to (AG®) between their folded native state and their unfolded
secondary structure, have provided valuable information Structure-less state, which ignores any sequence dependence
about the differential role of stability factors from nonbonded for the structure. The widely used models for predicting the
atoms as well as the influence of surrounding solvent medium thermodynamic stability of oligonucleotides from their
on the conformational preferences of protein chains. Because>€duence is the nearest-neighbor model originally developed
of the inherent limited number of basic building block units PY Zimm (15) and the ones then evolved from g-24).
in nucleic acids compared to proteins (5 nucleotides vs 20 The b?‘s'c mput in these mpde!s Is the stacking chara(_:tenstlcs
amino acids), and the associated limit of external input of neighboring base pairs in the sequence, which are

o : : extracted from stability comparisons of oligonucleotides
parameters for the building block units, developing successful ... =~~~ .
secondary structure prediction algorithms remains a difficult differing in appropriate base sequences. These models
y ure pre 9 incorporate parameters, such as duplex initiation, symmetry
task for workers in the field, and hence, only a few attempts

; correction, end effect, etc., in addition to stacking and
have so far been reporte8<12). An encouraging develop-  py4r5gen bonding abilities. Analysis of thermodynamic

ment of the recent past is the rate of reporting of thermo- oqits p2) indicates two distinctive observations. First,
dynamic parameters for a variety of oligonucleotid&8)(  gyplexes with the same nearest neighbors but different base
A judicial combination of these parameters with the wealth compositions and therefore different ends consistently exhibit
of crystal structure datad §) for related oligonucleotides may  different stabilities (see Table 3 of réR). Second, pairs of
form a strong database for use in newer theoretical techniquesQroups of sequences with identical nearest neighbors and
targeting secondary and higher-order structural elements anddentical ends do not have identical thermodynamic proper-
their associations in nucleic acid systems, especially in RNA ties, indicating the presence of non-nearest-neighbor effects
molecular families. (in Table 2 of ref22, duplexes AACUAGUU and ACU-
UAAGU differ in their AG® values by 1 kcal/mol; see also
o wh J hould be add 4 Ph o1.457 the duplex families which havaG® values differing by more
) 45956‘(’5" O‘;";l‘fzgg_sgfsnszezng_e':z Xc:’“gl_ 465;"_2 A{g;flig: one: than 0.5 kcal/mol). Alternative models so far proposed to
*The Ohio State University. incorporate additional parameters to take care of the two
8 Madurai Kamaraj University. distinctive experimental observations stated above have
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improved the predictions to a certain extent. Also, as the METHODS
ter;erg’rli?gé/gg Té%ﬁgﬁii?]r:e;rﬁ g:r;etr?srrgz(:eoﬁtolg?ﬁ;:Zfzz)ezn;n The main feature of this model is the computation of free
P . ’ . ; : . energiesGs® and G,° of the folded native and unfolded
nearest-neighbor-type theoretical models which widely differ :
. ; _ . structure-less states, respectively, of the duplex molecules.
in their predictive abilitiesZ1, 23, 24), much work must be h iy | di f X
done to obtain results that could be interpreted in terms of Onc_e_ these quantities are evaluated in terms of various
fundamental interactions that are responsible for the moIec-Stablllty factors, the conformational stability of a duplex
o . PO . molecule could be taken as the difference between these free
ular stabilities. This also means that it is advisable to look o
- . : energies:
for predictive models that incorporate parameters outside the
thermodynamic measurements. AG°=G° — G (1)

One approach is to develop models for describing the
stability that will include, in addition to thermodynamic Free Energy of the Folded Statéhe free energy of the
parameters, knowledge-based inputs derived from the vastfolded state G¢°) is taken to be the sum of various classical/
crystal structure data for oligonucleotides available today. empirical stability factors:
For example, the hydrophobic factor realized via water
accessibility computations enriched the protein modelsinan ~ G° = G,,° + Gy’ + G + Gyy” + G, + G (2)
exciting way @5—28). Second, the base stacking parameter
set could be determined through ateatom interactions with ~ The partial energy terms on the right-hand side of the
the use of the crystal data. Third, the classical secondaryequation are the contributions from hydrophol@), base
force factors, van der Waals, electrostatic, chamjgarge,  stacking Gos’), stiffness Gs°), hydrogen bondingGny’),

charge-dipole, etc., can be incorporated into the model. ~ van der Waals @), and electrostaticGe") interactions
In the early 1990s, P. K. Ponnuswamy made attempts towithin the molecules. Below, we briefly describe the methods

enumerate the stability factors, hydrogen bonding, basefor computing each of these terms,

stacing, van der Wasis, lecostatc and hviophotic ©0' I STt it of e schenton the foie
interactions, from the knowledge of the crystal structures of p P y

DNA—RNA duplexes and tRNA molecules, and translated 1€ &M “hydrophobic”. This part of free energy is computed
them into contributions of the free energy to the stability of using the expression

nucleic acid system9). Using the thermodynamic experi- o = Ao [A(fol — A(unfolded 3
mental AG®) values and computed component free energy Cry gilA(folded) = A( J (3)

terms for a set of _duplexes, mu[t!ple regression eql"""t'onswhereri values are the atomic solvation parameters (ASPs)
were set up to predict duplex stabilities. There was very good

. L “which help to quantify the hydrophobic free energy terms
agreement between the theoretical predictions and experi-,¢ tormulated by Eisenberg and MclLachlaBO)( and
mental observations for the considered duplexes witth@! A(folded) andA(unfolded) represent the water accessible

base_ pair§ and tRNA g‘nolecuIeS, These authors fognd NOsurface areas (ASAs) of corresponding atoms in the folded
relationship betweeAG°® andN, the number of nucleotides _and unfolded states, respectively, of moleculaVe used

in the molecule. They also pointed out that due to the basic the same set oAo values for the atom species [nonpolar
difference between the numbers and kinds of building units carbon, C (2.37 cal mot A-2), polar neutral, N/O £2.81
and the chain architectures, the unfolded and folded states.g mo,rl A-2), polar charged,, 0~+17.05 cal, mott A-2),

of nucleic acids substantially differed from those of proteins and phosphate, P (0.0 cal mblA-
in their physical ability to associate with water. This has - earlier work 29).

result_ed in a dominant role for thg hydrophobi_c factqr_ i The ASA of any molecule is simply the sum of ASAs of
protein stability and a smaller role in nucleic acid stability. .,nstituent atoms in the molecule. We used ACCESS,
These findings were derived by using the then available developed by Richmond and Richard@d), to compute the
smaller set of crystal structures of 15 duplexes and two tRNA ASAs by using the atomic coordinates of molecules in the
molecules. The phenomenal growth of thermodynah8} ( crystal state. While it is straightforward to compute
and crystal structureld) data on DNA-RNA duplexes Ai(folded), it is difficult to computed(unfolded), as there is
during the past 10 years has prompted us to improve ourno crystal geometry for the unfolded state. We assumed that
model for investigating nucleic acid stability. Using the the unfolded state is the fully extended state having the
enriched crystal data, we improved the two important stability maximum water accessible surface area for each residue. As
factors, namely, hydrophobic and base stacking. We includedin practice, we considered a set of triresidue segments (Q-
three additional factors, namely, duplex rigidity (which X-P)in extended conformations and computed the ASA for
includes the non-neighbor effect on stability), duplex initia- X as the average of ASAs of all X residues in the considered
tion, and symmetry correction. This improved model is very segments. In our earlier worR9), we considered 226 Q-X-
simple, and it predicts duplex stability satisfactorily. Also, P-type trinucleotide segments found in the nucleic acid data
it provides a physical basis for the stability in terms of bank and computed their ASAs. The highest possible values
classical and derived forces that cooperatively help the duplexfor each of the atoms in the common nucleotides X
structures to be strong enough to maintain a stable structureadenine (A), thymine (T), guanine (G), cytosine (C), or uracil
and weak enough to have flexibility to perform a function. (U)] were taken to be the accessibilities of the atoms in the
In this article, we develop the model and describe the resultsrespective nucleotide when it is in the extended reference
for DNA duplexes, and in the following article, we deal with conformation. The sum of the highest ASA values of the
the model for RNA duplexes. constituent atoms was taken to be the highest ASA of the

2)] delineated by us in
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respective X residue. Since the highest ASAs for the five 0.2 kcal/mol per nucleotide, respectively. Accordingly, the
common nucleotides are thus known, the ASA for any expressions used for computing these terms were
molecule in the extended state can be computed as the sum

of the ASAs of the constituent nucleotides in it. Gpp” = 1.0Np, (5)
Once Ag;, A(folded), andAj(unfolded) are known for a .

duplex, we can comput&,° from eq 3. G, =10N—-1) (6)
Gps’. The base stacking energy term was computed using

the model proposed by Olso32). This model uses the G =1.0N—1) (7)

expression

whereNy, is the number of hydrogen bonds (two pefTA

o— _ 2. 2.\ 4 pair and three per & pair) andN is the number of
Cos 166" + ¢7q)/Dr “) nucleotides in the duplex. We also used these expressions
in the work presented here.

Free Energy of the Unfolded State (& 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 entropyG4.’), the
energetics of interactions between different parts of the chain
being balanced by interactions from the solveB6)(
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 nonentro@ig°f
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

two nearby base pairs involving four bases, bases 1 and 2 inChain a_nd th‘_a solvent and steric in_teractions among parts of
one strand and the complementing bases 3 and 4 in the othef® c_ham, Wh'Ch may occur for fractions O.f the_ totally random
strand, the stacking interactions in bases 1 and 2 and in basegonflgurat!ons. We presume th? steric (mg:ludmg base
3 and 4 pertain to intrastrand base stacking, and stackingStaCk'ng) |nterac_t|ons are of negllglb!e magnitude and the
interactions in bases 1 and 3 and in bases 2 and 4 pertain t(yydlrogtlan b?nld |r'1dterac5[t|0n'sa\ are similar _to those betweg:n
interstrand base stacking. Accordingly, in a set of double molecules of liquid water. As an approximation, we om
helices, we obtain (on averaging) a5 matrix of stacking the steric interactions and assume that the hydrogen bonds

parameters for the interactions in the two independent (intra)present N th_e fractional random configurations similar to
strands, and another § 5 matrix of parameters for the those of liquid water could be taken to be half the number

interactions between the two (inter) strands. The parametricfound in the folded state3(, 38). Accordingly, the free

entries of these two matrices were then used to compute thet €9 term for the unfolded state is taken to be the sum of

term Gpe® for any duplex. the entropicGey’ and nonentropics,e® terms
Gsr. Gromiha 85) has recently computed the Young's G°=G.°+G.° (8)
modulus for the 32 possible trinucleotide units in DNA ! en ne

assuming the elastic rod model for DNA. This parameter

whereq andg; are the partial charges af; ando; are the
polarizabilities of, and; values are the distances between
atomsi andj from the stacking bases, respectivdlyis the
dielectric constant, which was taken to be 4 distance-
dependent value3@). 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
Gny° term above) for computing the base stacking energy
term. G, 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

set, called the structure-based stiffness scale, being sequence G,y = —TAS 9
dependent, is reported to highly correlate with protddiNA
binding data for the molecular assemblies, 434-repressor, and G = l/2(3hb° (10)

Cro-repressor. Since this scale helps to characterize the
behavior of individual trinucleotides we included it in our AS could be computed with the number of points of
model to incorporate the sequence effect on the free energyflexibility in the molecule and the number of orientations of
of folding of duplex molecules. In essence, this scale reflects equal energy at each such point as suggested by Kauzmann
the relative rigidities of the 32 trinucleotides with respect to (36).
each other, and hence reflects the relative strengths of Duplex Formation and Symmetry Considerationthen
operating forces in the trinucleotides. Inclusion of this the duplex is nucleated joining the two independent strands,
parameter in our model simply means the normalization of the process encounters an unfavorable entropic situation, and
forces that impart stability to the trinucleotide units in the this is represented by the tei@y°. This duplex association
duplexes. process also differs depending upon whether the two strands
G’y Gw’, and G°. In our earlier studies2Q), we are self-complementary. The energetics of this symmetry
computed these terms on the basis of an extensive survey ofeature is represented by the te@y,’. Different comparable
experimental and theoretical results on the strengths of thesevalues have been reported fGg;° by various authors1,
three forces reported in the literature. We indicated that the 20). We assumed a value of 3.4 kcal/mol which was followed
Gny’ term contributes approximately 1.0 kcal/mol per hy- by Sugimoteet al. (19). As widely used 19, 20), we adopted
drogen bond and th@,,,° andGg° terms contribute 1.0 and  a value of 0.4 kcal/mol foGsy,” if the duplex was non-self-
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complementary and 0.0 if it was self-complementary. Both 9
of these parameters were included as unfavorable energy § Si .
terms in the regression equations of the individual duplexes. & :; | s ] 1
Regression Analysigaking the component energy terms 8 £s5 * : .
and the experimentaAG® (eqs 1 and 2) for each of the 35 S4-
molecules, one could set up multiple linear regression %is- :
equations of the type f% f b4
(X1Gpy”)i T (XGps)i T (XsG)i + (XyGpy)i + 0 o 5 1'0 1'5 2'0 s
(X5Ge|°)i + (Xerwo)i - G‘us0 = AG® (11) Number of nucleotides (N-1)
Ficure 1: Relationship between hydrophobic free energy and the
where number of nucleotides in DNA duplexes.

G’ =Ga’ + Gsm’ + G, (12) Table 1: Intra- and Interstrand Base Stacking Energies (kilocalories

per mole}

wherei = 1—n, n being the number of moleculeaG® A T c S
values being the experimentally known variables, deing :

the coefficients. Since the unfolded state is being considered intrastrand A 0482 (26) 0-35 g“) 0467 gO) 0-‘18 £170)
by a single energy terng;,°, the relevant coefficient is taken g" 42 ((?)5) %‘_325 ((11)) %‘_85&9)) 8:35 E11)8)
to be 1;Gy° andGs,,” are also constant values for a duplex, 0.71(28) 0.58(7) 0.88(75) 0.69 (27)
and their coefficients are also taken to be 1. Treating all the interstrand A 0.07(3)  0.24(29) 0.14(3) 0.17 (4)

[oXekal

energy terms as independent variables, we could set up a E 8-% ((2)2) 8-82 gg 8-83 % 8-%‘7‘ E?S)
predictive regression equation G 018(4) 015(2) 041(87) 0.15(13)
AG® = Ag+ AG,° + AG, + AGy + AG, + * See the Methods.
ASGeIO + AGGVWO - Guso (13)
Table 2: Structure-Based DNA Stiffness (Young's Modéjus
whereA values are regression coefficients. Parameters for Trinucleotides
As per our model, each of the four energy terr@,f| Young’s Young's Young's

Gny’, Ge®, andGyy,°) is approximated to be linearly dependent trinucleotide modulus trinucleotide modulus trinucleotide modulus
on N — 1, whereN is the number of nucleotides in a  AAA/TTT 480  AAC/GTT 390  AAG/CTT 191

molecule. and treating them as in ndent variables in the AAT/ATT  2.96  ACAITGT 470  ACC/GGT  1.57
olecule, and treating them as independent variables in the oy vor - T0  "ACTAGT 363 AGATCT 403
regression technique may not provide unique information acc/ceT 458  AGG/CCT 434 ATA/TAT 236

about the characteristic behavior of each of these energy ATC/GAT  1.83  ATG/CAT 319 CAATTG 253
components. Hence, we considered the sum of these four CAC/GTG ~ 3.36  CAG/CTG 240  CCATGG  3.25
enerav terms CCC/GGG  6.07 CCG/CGG 240 CGA/TCG 282
ay CGCIGCG 333 CTAITAG 475 CTC/IGAG  4.03
GAAITTC 270 GAC/GTC 783 GCAITGC  3.75
G* =Gy’ t Gy + G +Gy,° (14) GCCIGGC 316 GGA/TCC 369 GTATAC  2.19
TAATTA 272 TCAITGA  2.97

a|n units of x10° newtons per square meter.

as the common single term in the regression equation.
Accordingly

AG® = A+ AG +AG +AGy — G (15) TCGCG @3), BD0013 for CGCGAATTCGCG43), BD0014
for CGCGAATTCGCG ¢4), BD0018 for GCGAATTCGCG
This equation was considered in the predictive attempts (45), BD0024 for CCGAATGAGG 46), BD0030 for CGC-

presented here. GAATTCGCG @0), BD0035 for CCGCGCTGG 47),
BD0037 for GCGAATTCG 48), BD0038 for CGCGAAT-
RESULTS AND DISCUSSION TCGCG @9), BD0041 for CGCGAATTCGCGH0), BDJO08

Hydrophobic Energy of Duplexei our previous work ~ for CCAAGATTGG (51), BDJ025 for CGATCGATCGS2),
(29 when we analyzed the compute®h,® for a set of BDJ031 for CGATTAATCG b3), UD0005 for GUTG-
oligonucleotides for which the crystal structures were then CAAC (54), UDB004 for CGCG §5), UDBOOS for CGCG
known, we found a linear relationship betwe®g° andN (56), UDJO32 for AGGCATGCCT %7), ZD0003 for
— 1, whereN is the number of nucleotides in a molecule. In  CGCGCG £8), ZDD023 for CGCG §9), ZDF002 for
the work presented here, we considered 30 DNA oligonu- CGCGCG 60), ZDF013 for CGCGTG §1), ZDF028 for
cleotides (which had no drug association bulge, mismatch, CGCGCG 62), ZDFO053 for CGCGCG §3), ZDF060 for
etc.) with a resolution ok 1.5 A. This set of duplexes was 1 GCGCA (64), and ZDFBOS for CGCGCGEY).
selected from the Nucleic Acid Data Barij after duplexes The Gy values computed using eq 3 were used to
with similar lengths and similar experimentalG® values  determine the relationship betwe®g,* andN — 1. The data
had been eliminated. The duplex structures thus selectedPlotted in Figure 1 show a good linear relationship
(with NAD entries) are as follows: AD003 for AGGGGC-

CCCT 9), AD004 for AGGGGCCCCT 39), AD007 for Gy,° =1.608+ 0.214(N — 1) (16)
GCGTATACGC @0), ADH039 for GTGTACAC @1), BD-
0006 for GGCCAATTGG 42), BD0012 for CGCGAAT- with a coefficient of determinatioriRf) of 0.74 and a standard
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Table 3: Energy Components and Experimental and Predicted Conformational Stabilities of DNA Duplexes

Set 1 (from ref20)

duplex N AGpy AGpp® AGef AGw° AGps® AGg° Gy° AG® AGy° AGg°
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 11 111 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 11 115 11.7 45.0 8.3 8.1 8.6
7 CGGCCG 12 4.0 18 2.2 11 111 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 8.9 225 44.0 5.6 6.0 57
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 11 111 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 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 11 111 115 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 . 6.4
18 GTGAAC 12 4.0 15 2.2 11 7.6 115 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 15 115 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 10.3 171 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 11.9 111 12.6
42 CCATTGCTACC 22 6.1 28 4.2 21 15.7 20.2 80.0 12.2 115 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 35 3.4
46 TGATCA 12 4.0 14 2.2 11 6.8 135 43.0 2.8 3.5 3.4
a7 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 24.2 715 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
rmscP 1.4 1.2
rmsc 0.7 0.4
Set 2 (from refl9)
duplex N AGpy° AGpp® AGe? AGw° AGps AGg° G° AG® AGy® AGsg
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

aSubscripts: e, experimental; p, predicted by this work; sl, Santaletci (20) prediction; su, Sugimotet al. (19) prediction.? For all 60
duplexes® For 55 duplexes [excluding five duplexes (50, 55, 56, 58, and 60 in the list) which have an rm&y &fll G values (kilocalories per
mole) are negativeAG,° of set 1 determined by eq 17 arid5,° of set 2 determined by eq 18.
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Table 3. (Continued)

Set 2 (from refl9)

duplex N  AGn®  AGw®  AGe®  AGw®  AG  AGs Gy° AGe®  AGY  AGs!
7 AATACCG 14 4.4 17 26 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 71
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 15 101 18.2 58.0 75 71 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 71 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 75 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 75
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 35 13 1.8 9 55 13.2 36.5 36 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
error of 0.76. This equation was used to comp@tg® for stacking in any pairing units. We used this table of sequence-
molecules considered in our predictive scheme. dependenGys® values in the predictive cases.
Base Stacking Energyror computing this energy term Stiffness TermTable 2 lists the structure-based stiffness
using eq 4, we used the same 30 DNA duplexes (eliminating (Young’'s modulus) parameters for the 32 relevant trinucleo-
two duplexes for whiciN = 4) used for computing th&,° tide sequences in DNA duplexes as determined by Gromiha

term above. When the computed results were averaged ove(35). From this table, we note that a strong sequence-
the two possible 5x 5 matrices (as enumerated in the dependent character is exhibited by the triplets; GAC/CGT,
Methods) of base doublets, one set for intrastrand and anotheACG/CGT, and CCC/GGG are the stiffest and ACC/GGT,
for interstrand, we obtained the values listed in Table 1. The ATC/GAT, and AAG/CTT the most flexible trinucleotides.
entries in parentheses are the frequencies of occurrence of Regression Result®e selected 111 DNA duplexes in
the respective doublet neighbors. Since the frequencies oftwo sets. Set 1 includes 60 duplexes taken from Table 2 of
occurrence of doublets involving the base U are small or the work of SantalLuciat al. (20), and set 2 includes 51
zero, we did not consider duplexes with U for our predictive duplexes taken from Table 2 of Sugimabal. (19) (Table
attempts. We note from this table that the stacking character2 of Sugimotoet al. contains 65 duplexes, and of these, 14
of doublets varies with the order of sequence. For example, are duplicates to duplexes listed in Table 2 of SantaLetia

the intrastrand stacking energies indicate the€ GC-G, A- al.; we eliminated these duplicated cases). For all these
A, and A-C base pairs come in order of stability, while the duplexes, the experimentAlG°® values were determined at
interstrand stacking energies indicate thaGCG-C, AT, 37°Cin 1 M NacCl. The various energy terms in eq 15 were

and T-A base pairs come in order. Such distinctive behavior then computed for both sets of molecules with the use of
is seen in each of the stacking bdsese units. In general, expressions described in the Methods. The computed values
the intrastrand stacking is stronger than the interstrandare given in Table 3. Taking the numerical valuesGf,
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Gy, Gs°, and Gys® for each molecule in set 1 to be

independent variables on the right-hand side and the experi-

mental AG® 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 th&°

values for each of the same 60 duplexes. Five duplexes

(ATGAGCTCAT, CGCGAATTCGCG, CGCATGGGTA-
CGC, CATATTGGCCAATATG, and CGCGTACGCGT-
ACGCQG) exhibited residual®NGpred® — AGexy’) 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

AG® = —7.265+ 1.5705,° + 0.080G,° + 0.0355,° —
Gys (17)

The coefficient of determinatiorRf) and the standard error
for this equation were 1.0 and 0.75, respectively. Using the
equation described above, we back predi&i&t values for
the same 55 DNA duplexes of set 1. The back-predicted
results AG,° values in set 1, Table 3) agreed with the
experimental values with an rmsd of 0.7.

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

AG,® = 0.295+ 0.96%5.° (18)
which had a coefficient of determinatioR%) of 0.97 and a
standard deviation of 0.73. Now the rmsd of the residuals
was 0.67.

Predictions about New Duplexes (SetRyuation 17 was
then used to predict th&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 PredictionDuplex 1 in set 2 (AGCCG):Gp,°
(from eq 3)= 3.53,Gi° (=Gny° + Gy’ + Gel® + Gw°
3.53+ 14.0+ 1.8+ 9.0)= 28.33,Gys” = 7.9,G«° = 8.84,
G,° = 37.0,Gg° = 3.4, andGsyY = 0.4. Substituting these
numerical values into eq 17, we have

AG,® = —7.265+ 1.57x 28.33+ 0.08x 7.9+
0.035x 8.84— (37.0— 3.4—0.4)=4.9.

Table 3 includesG,® values predicted as a part of this
work as well as the values predicted by Sugimettal. (19)
for the same molecules.

The computed residuals for the predicted results of this
model and the two sets of predicted results of Suginadto
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, Land Ay, had residuals of 2, viz.,

2.4 and 2.8. (The experimentAlG® values given for A by
Santalucieet al. (20) and by Sugimotet 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.)
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Ficure 2: (a) Plot of predicted and experimentally observed

conformational stabilities of DNA duplexes. (b) Plot of residuals
for DNA duplexes.

predictedAG® 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 with
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 A, and
without any kind of modifications in the duplexes. It is likely
that this small set could not present all possible Hzese
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 componediss &nd
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-

When these two duplexes are excluded, the rmsd value wagredictedAG,° values for the input molecules themselves

reduced to 0.9. The predictions of Sugimetoal. (19) had
residuals of 0.6. Figure 2a is a plot of experimental versus

resulted at a slightly higher rmsd of 0.7. In light of this
inherent level of predictive accuracy in the model presented
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40 of DNA duplexes. It incorporates stability contributions
35 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,
Ghy Ghb Gel Guw Gbs bulges, modifications, etc.

30
25

20

kecal/mol
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