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The energetics of base pairs in B-DNA in solution has been estimated via recently reported versions of some
empirical potential energy functions, namely, AMBER, CHARMM, GROMOS, and OPLS used commonly

in biomolecular simulations. The electrostatic component of the interaction energy between bases involved
in Watson-Crick pairing in B-DNA in aqueous environment, evaluated via the finite difference Poisson
Boltzmann methodology with all the above force fields, is in the range »to —3 kcal/mol per H-bond.

An examination of different dielectric functions used in conjunction with the above force fields suggests that
a sigmoidal function, with an estimate 62 kcal/mol per H-bond, comes closest to mimicking the electrostatics

of AT and GC base pairs under agueous conditions.

Introduction gas phase. Early attempts to estimate the base pairing energies
in solutiort”!8revealed that base stacking, rather than pairing
of mononucleotides, is favored in agueous environment, as
considerable competition is expected from the solvent. Experi-
mental studies thus employed nonaqueous solvents to study the
properties of specific H-bonded complexes. Kyogoku état
reported a value of-6.2 + 0.2 kcal/mol 3.1 kcal/mol per
H-bond) for the enthalpy of formation of 9-ethyladenine and
1-cyclohexyluracil base pair in chloroform. Newmark and
Cantof? estimated, from NMR spectra, an enthalpy change of
—5.8 kcal/mol 1.9 kcal/mol per H-bond) and an entropy
change of—16 eu for the formation of a GC base pair from
dsolvated monomers in dimethyl sulfoxide (DMSO). They
rationalized the observed enthalpy change as being due to the
formation of hydrogen bonds. As DMSO is a strong proton
4 acceptor, the degree of H-bonding was considered to be closer
to that in wate? Turner et aP3 derived free energy increments

ligand interactions involving base atoms exposed in the grooves,for .H-bonds. in nucleic acid base paurs from measurements of
critically depend on the charge distribution on the base pairs ©Ptical melting curves. They predicted a maximamGys of

and the manner in which electrostatic interactions are '[reated.__z'0 kcal/mo! per H-bond for_ double helical oll_gorlbon_uclt_e-
Any force field attempting to model DNA and its interactions otides of GC in aqueous ”_‘ed'“m- The enthalplp_con_tnbutlon
requires a satisfactory representation of hydrogen bonding may be expected to b? slightly larger since palrlng_lnvolve_s
between complementary base pairs both in gas phase and jrsome entropy loss. It is eq_u_ally conceivable t_hat this loss in
solution. As a number of new and carefully parametrized force NTOPY attendant upon pairing of bases, which are already

fields have been put forward recently, an assessment of thesédnchored to the sugaphogpha}te ba}ckbo.rle, ,iS offset by, a
diverse force fields and dielectric models for estimating nucleic [2verable hydrophobic contribution originating in the formation
of a smaller cavity in water for a pair than for unpaired bases,

acid—base interactions in aqueous environment assumes sig- ; e )
nificance for an accurate model of DNA, dra®NA, and Iead|r_19 to similar magnl_tudes forbo;h enthalpy and free energy
of pairing. Also, there is no a priori reason to expect that the

protein—DNA interactions. As a step toward this goal, in this N . ; R
study, a comparison of the diverse force fields and dielectric hydrogen bond energetics is drastically different in oligodeox-

functions is undertaken, together with an estimation of the baseYfieonucleotides. A subtle point to be noted is that the values
pair energies in B-DNA in solution. of Turner et al. are more a reflection of the interaction strength

of a hydrogen bond in a base pair and the associated free energy
initiated to understand the specificity of base pairing and to COSt for switching off a hydrogen bond, rather than free energy
evaluate quantitatively the energetics involved in this interaction. ©f Pase pair formation/H-bond. Sinden (ref 3, p 13) proposes
The mass spectroscopic values-e£3.0 kcal/mol and-21.0 avalue of—2 to —3 kcal/mol as the strength of hydrogen bond
kcal/mol for AT and GC, respectivelf?, have been valuable in DNA. _ . . .

reference points for studies on base pairing enthalpies in the Attempts to theoretically estimate base pair energetics focused
mainly on basebase interactions in the gas phase via the
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Evidence emerging from the structural and computer simula-
tion data over the past few years suggests that B-DNA in
solution is a flexible macromolecule, sensitive to the effects of
solvent and counterions. It is able to undergo major structural
transitions between different allomorphic forms and some minor
ones involving base pair opening, bending or modulations in
sugar pucker and backbone torsions, induced intrinsically by
the base sequence or extrinsically by proteins or drug
molecules: 15 The integral role of hydrogen bonds in the
stability of the double helical structure of B-DNA, in the
flexibility of nucleic acids in general that allows for structural
adaptation in the presence of proteins and drug molecules, an
the attendant energetics are yet to be fully understood in
molecular terms.

Theoretical descriptions of DNA fine structure, the intra- an
inter-base pair degrees of freedom, in particular, and BNA

Numerous studies, both experimental and theoretical, were
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therein]. An accurate description of the solution thermodynam- atoms of a base on one strand and its complementary base on
ics of base pairs in DNA requires an extensive sampling of the the opposite strand. The effect of inclusion of sugatiosphate
configurational space of the bases in a DNA-like environment, backbone atoms on the base pair interaction energy has also
with explicit solvent. A computationally expeditious alternative been considered separately.

lies in using a dielectric continuum representation of the medium  (a) Electrostatic Term. The electrostatic contribution to the
with a thorough calibration of the parameters in lieu of explicit interaction energy between an atom i of one base with that of
solvent. The utility of distance dependent dielectric functions its complementary base atom j is computed as

in modeling DNA was already commented upon by Mazur and

Jernigar?® Our original intention was to arrive at a dielectric . 332,

function to be used in conjunction with OPLS parametérs, Ee —W

which would capture the hydrogen bonding and electrostatic I
interactions in proteirDNA and drug-DNA systems as
realistically as possible, to facilitate a discussion of specificity
and biomolecular recognition with relative computational éase.
The minimum that is expected of any such dielectric function
is to reproduce the bas®ase interaction energies in solution.
The current study gives us an opportunity to characterize some
of the recent and popular force fields used in conjunction with
different dielectric screening functions, with base pair energies
providing a convenient testing ground. Specifically, we have
examined the interaction energies between complementary bases D
involved in Watson-Crick hydrogen bonding adopting a D(r)=D — [(
sigmoidal dielectric function (also referred to hereinafter as a

modified Hingerty-Lavery function: MHLF)32-36 to capture ) . . )
the aqueous environment, employing parameters from AM- D(r) is a sigmoidal function.D = 78, D; = 4, anda. = sr,
BER 37 CHARMM ,38 GROMOS? and OPLS%4force fields. where s= 0.3953! This choice of s in our preliminary studies
As H-bonds are considered to be mostly electrostatic in nature, /€d to total interaction energies (electrostatizan der Waals)

it is of interest to estimate the electrostatic contribution to the of ~ —4 and —6 kcal/mol for AT and GC base pairs,
energetics of base pairs by some state of the art techniques suckespPectively (with OPLS parameters), in close correspondence
as the finite difference PoissemBoltzmann (FDPB) to the experimentally obtalned enthalpy values—df.9 kc_al/
methodology*:4¢ While this work was in progress, a com- Mol per H-bond as determined by Newmark and Céﬁt.mr
parison of base pair energies in gas phase was attempted b)DMSO for base pair formation. .The enthalpy.of formation pf
several research groups?.384049 Hobza et af® recently a dlmer from monomers here is _equated with the effective
reported a critical assessment of the interaction energies of basedteraction energy. Also, desolvation effects on enthalpy are
in gas phase as predicted by diverse empirical potential functionsimplicit to some extent in any dielectric function introduced as
and quantum mechanical calculations. We focus here on the@ modulation in Coulomb’s expression. In addition, in a
energetics of base pairs as embedded in B-DNA in solution and continuum solvent representation, the dielectric constant of

estimated with different force fields and dielectric treatments. DMSO is high enough to mimic water environment. Calcula-
tions performed with DMSO and with water (presented in

Methodology and Calculations sequel) with solvent treated as a dielectric continuum support
this view. The magnitude of the interaction strength is also in
conformity with the measurements of Turner et&h aqueous
solution which are closer to this study in design. This sigmoidal
function appears to fare well in other contexts as well. The
hydrogen bond strength in-helices without any additional

whereq; andg are the partial atomic charges taken from each
specified force fiel@37-3° for the two interacting atoms;; is

the distance between the atoms i and j, &{d) is a dielectric
function. A series of calculations were performed with different
values forD(r), namely 1, 4, 80rj, and 4r;; and also withD

= 46.7 as appropriate for dimethyl sulfoxide (DMSO). In
studies employing a modified Hingerty avery function (MHLF),
the D(r) was taken as

_Di
2

)(on2 + 200+ 2)e°‘]

The structures of poly(dA)poly(dT) and poly(dG)-poly-
(dC) homopolymers, 14 base pairs long, were generated in the
canonical B-DNA conformation using the coordinates of Arnott
and co-worker® along with BIOSYM softwaré! No further

optimization of the canonical structure was undertaken to avoid parametrization of MHLF was estimated to be kcal/mop2
any force field dependent changes in the conformation. The ¢qngjgient with some recent experimetits! Usage of this
subsequent procedure involves considering each of the Centra'function for DNA counterion interactions and for mapping out

10 base pairs separately and obtaining their interaction energie% to Z-DNA conformational ener rofiles and intearation into
using AMBER, CHARMM, GROMOS, and OPLS parameters. vt 0% RHEE repgi’tgd Droviod?s g

To compare the performance of different parameter sets and - ¢ glectrostatic contribution to the interaction energy with

dielectric _m_oo!els_we _deemed It f!t to use a single structure. o sigmoidal function is amenable to expression in a more
Energy minimization, in our preliminary studies, led to slightly familiar forme5-57 as the sum of Coulomb and shielding terms

different structures with each force field as expected. Moreover, (due to solvent) for each pair of interacting atoms.

the energy minimization results on the base pairs in B-DNA

are sensitive to several protocol issues dealing particularly with

solvent and counterior’s. Thus canonical B-DNA (B80) 49 = 99 _ (1 - 1)%

structur&® formed a natural choice for a comparative study. D()ry T Dl py
The total basebase interaction enerdsp, is represented by
the following expression. (1 — %)
Py ={7 1\
EbP = Z[Eel + EvdW] (1 - %)
Eql is the electrostatic contribution to the total enerByyw is pij is an effective distance parameter. Other symbols have been

the van der Waals term, and the summation runs over all the defined above. This, combined with the Born type self-energies
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TABLE 1: Watson-Crick Base Pair Energies (in kcal/mol) TABLE 2: Interaction Energies (in kcal/mol) between
for Isolated Bases in Gas Phase Complementary Bases in B-DNA with Different Force Fields
base pair AMBER CHARMM GROMOS opLs  2nd Dielectric Models
dielectric
present work AT —-129 —-13.1 —-8.7 -9.8 ; .
GC 276 _235 193 -220 function  base par AMBER CHARMM GROMOS OPLS
lit. values AT -11.9¢ —-14.¢¢ —10.6 D(r)=1.0 AT —-11.8 5.1 —-8.7 —-3.4
-12.8 -13.@ -10.5 GC —27.6 —18.7 —19.3 —-18.7
GC —25.4 —24.8§ —-22.1¢ D(r)=R; AT —14.2 —13.6 -94 -10.2
—28.0° —25.9 —23. GC —27.0 —20.6 -179 215
aReference 372 Reference 4% Reference 38! Reference 402 D(r) D(r) = 4.0 ég :gg :ég :gg :[llg
= 1. The geometry of base pairs corresponds to the B-Bthucture. D()=46.7 AT 0.2 03 23  —Qg9
Each base is made neutral by placing the residual charge on a hydroger(DMSO) GC 11 07 —20 0.2
located at the position of C1' atom. D(r) = 80.0 AT 01 —03 —22 —09
GC 1.4 0.9 —-1.8 +0.4
. 5 ; L ) .
of atoms i and f* in principle, defines the total electrostatic ) = 4R AT 35 -36 —40 -32
energy of the system of charges i and j in a solvent of dielectric GC -55 —4.3 -57 —4.9
constantD. MHLF2 AT —-4.3 —4.3 —4.3 —-3.7

(b) van der Waals Term. The van der Waals interactions (D= 466-7) GC —7.0 —5.8 —6.6 62

were modeled using a (12,6) Lennard-Jones potential betweenMH_LF AT —4.2 —4.3 —4.3 —3.7
(D = 80) GC —-6.5 -5.2 -62  —57
the atoms of the two complementary bases.
) ) aMHLF: Calculations with a modified HingertyLavery function:
ci. i D = 4 ands = 0.395.
—|22_=5
w26 TABLE 3: Nucleotide—Nucleotide Interactions Energies (in
I I kcal/mol) in B-DNA in Solution?

For the OPLS force fieldC!, and C! are obtained as base pair AMBER GROMOS OPLS
geometric means from the individual atomic 12,6 parameters AT —4.2 —4.4 _38
while for AMBER and CHARMM, the calculations involve GC —6.4 —6.5 —5.6
computing theR; ande;; as ap(r) = Modified Hingerty-Lavery function:D; = 4 ands = 0.395.

Ri'* — Ri* + R* Interactions of all the atoms in a nucleotide on one strand with those
J RJ in the complementary strand are considered in B-BNgeometry.
Partial atomic charges and radii employed are according to the force
and field specified.
€ = (eiej)ll2 TABLE 4: Electrostatic Component of the Interaction

Energy (in kcal/mol) between Bases in WatsonCrick Base
Pairs in B-DNA Calculated with Finite Difference

¢i above is the well depth parameter éRtlis half the distance Poisson-Boltzmann Method

to the well depth§; = 2-V6R;* and Rj* = 2R*; alternatively,

oi = 256 R*. This relation of R is valid for both AMBER base pair AMBER CHARMM GROMOS OPLS
and CHARMM force fields). TheR* values for AMBER (in water,D = 80)

calculations were taken from the van der Waals parameters listed AT —538 —5.6 —2.8 -3.9
in Table 14 of ref 37. For CHARMM calculation®¢ = R, min/ _GC 111 938 —60 91
2), these were adapted from the Lennard-Jones parameters ié'nA?TMSO’D =46.7) 58 55 o8 _38
Table 5 of Appendix in the Supporting Information of ref 38. GC 113 9.9 62  —-92

The 12,6 parameterss@nd G are then obtained as o )
energetics in DNA, as the bases are considered a part of the

ng = Eij(Rij*) 12 polynucleotide chain rather than as single isolated species. These
have been considered in a second series, and interaction energies
and have been evaluated both in gas phase and in solution (Table
) 2). Essentially, the contributions of Cbf sugar or other
Cs= 2Eij(Rij*)6 attachments in its place are not included in the base pair

interaction energies in this series.
The GROMOS force field prescribes the values of the square In our third series of calculations, interactions of all the atoms
roots of G, and G to be used directly for calculations after in one nucleotide with all the atoms of the complementary
forming the appropriate ij products. nucleotide were considered to gauze the effect of the number
As a first step, the interaction energies of the neutral isolated of atoms included in estimating the base pair energies in solution
base pairs have been evaluated@@t) = 1.0) in gas phase (Table 3).
with each force field, for the purpose of comparing them with  Electrostatic component of the interactions between the
the results of previous experimental and theoretical studies. Suchcomplementary bases in a DNA-like environment in solution
calculations on free base pairs normally include a hydrogen or was also evaluated using the finite difference Poisdoltz-
a methyl group at N1 (pyrimidines) or N9 (purines) at a position mann methodology (FDPB) along with parameters from diverse
that is taken up by the Chtom of the sugar ring in DNA. In  force fields, in a fourth series of calculations (Table 4). A
our studies, the residual charge on each base is placed on aesolution of 4 grids/A was employed in all the FDPB
hydrogen at the Clposition and the interaction energies are calculations. It may be noted that for FDPB calculations the
computed and compared with the literature values (Table 1). results correspond to calculations on the central base pair of an
The focus of this study is on the base atoms as embedded inoligomer which effectively eliminates the role of end effects
the double helix. This is a more realistic treatment of base pair on the calculated electrostatic potentials and the energetics. The
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results are presented and discussed below. Also the interaction It is also apparent from Table 2 that the sigmoidal dielectric
energies are divided by 2 for AT base pairs and 3 for GC base function (MHLF) is able to describe the solution energetics both

pairs when reported as the energy per H-bond. in DMSO and water, in good agreement with the experimental
enthalpy value® irrespective of the choice of the force field
Results and Discussion parameters. Another dielectric functi@(r) = 4r, is also in

, ) . vogue along with AMBER parametéf$8 for molecular me-

_ The gas phasé)(r) = 1) base pair energies (Table 1) are in - cpanics protocols involving DNA in solution. This function
line with the values reported in the literat#fe840-49ndicating with AMBER yields —3.6 and—5.5 kcal/mol for the AT and
the correctness of the gpplication of the force fields from the gc pase pairs, respectively. We note that the interaction
published data. The differences between the present set annegies with this dielectric function are slightly on the weaker
the literature values are attributable to the differences in the gqe Wwith AMBER and GROMOS parameters in comparison
geometry of the base pairs and also to the presence of a methy|,ith the MHLF results and experiment, and more so with
group in place ba H on the N9 or N1 opurine or pyrimidine,  cHARMM and OPLS parameters (Table 2). Nonetheless, an
respectively. inescapable general observation emerging from the results

The Watsor-Crick base pair energies with different param-  presented here is the diminution of differences between diverse
eter sets and dielectric models are reported in Table 2. Resultsforce fields with distance dependent dielectric functions par-

with a dielectric constant of unity(r) = 1) in most cases fall tjcularly with the sigmoidal function in contrast to the results
in the range expected from the experimental gas phase valuesgptained with a fixed dielectric constant.

Force field dependent variations are of course noticeable across The list of atoms included in theoretical estimates of base
the row. The interaction strengths of the AT pair and to an pajr energies in B-DNA may have an effect on the energetics.
extent that of the GC pair with CHARMM and OPLS charges  One such instance is the inclusion/noninclusion of a charge at
in particular are seen to be underestimated. This however, isc1 position, the consequences of which wilifr) = 1, are

not the case for the interaction of isolated base pairs (Table 1).discussed above (Table 2). An alternative is to include
Results in Tables 1 and 2 taken together suggest that CHARMM jnteractions of all the atoms in one nucleotide with all the atoms
and OPLS charge distributions for the base pairs are distinctin the complementary nucleotide. Results of such a computation
from the remaining force fields. The significance assumed by \yith the MHL function are very similar (Table 3) to the results
the sugar Clatom on the energetics as evidenced by the gptained considering only the base atoms (Table 2) and
differences between Tables 1 and 2 fafr) = 1, with these  consistent with expectations based on experirf&#it.Thus the

two force fields, is striking. It may be further noted that the sigmoidal dielectric function appears to perform well for any

partial atomic charges for bases with GROMOS force field add reasonable choice of the atoms included in evaluating the base
up to zero for each base, even without the hydrogens at N1/paijr energetics in solution.

N9. Bases in DNA, with all other force fields considered here, = Ejnite Difference Poissor-Boltzmann (FDPB) Calcula-
carry a net negative charge. While these may be matters oftions. H-bonding interactions, which are central to Watson
how the charges are derived, special attention needs to be paictrick base pairing, are sensitive not only to the partial atomic
to correlations between the force field dependent charge charges on the donor and acceptor groups but also to the
distributions and the spatial disposition of the bases and sugarsenvironment-52 The EDPB method is known to depict the

in analyzing the dynamical trajectories of DNA. On the basis glectrostatics of molecular systems quite accurately considering
of the energetics in Tables 1 and 2, a description of the DNA hoth the shape of the solute molecule and dielectric inhomo-
fine structure with AMBER, CHARMM, and GROMOS is  geneities in solutioh! The electrostatic component of the

eXpeCted to differ unless the eXpliCit solvent used in simulations interaction energy between the Comp|ementary bases in aqueous
(TIP3P or SPC/E) can some how compensate for these differ-so|ution is evaluated in a single step as follows: the solute
ences. dielectric constant is set at 2, the solvent dielectric constant at
Results withD(r) = r appear to significantly mask the 80, and the charges on the atoms on either of the two bases
differences seen witlD(r) = 1 while simulating gas phase forming the base pair are switched on (the charges on the
environment (Table 2). An interesting feature of the base complementary base atoms being switched off). The potentials
base interaction energies is that they are more negative Withgenerated on the complementary base atoms upon solving the
D(r) = r than withD(r) = 1. This can never be the case for Poisson equation (the linearized PB equation at zero ionic
isolated charges for distances greater than 1 A, and inBégd  strength) numerically are then multiplied by their charges to
= 1 is seen to yield much larger values for each pair of atoms gbtain the interaction energy.
considered individually. It is the algebraic sum over all the
pairs that alters the trend. Molecules which are electrostatically AAP = Zqid)i
complementary can exhibit such a behavior with suitable charge
distributions. Results witlD(r) = 80 severely underestimate where i refers to the complementary base atoms only. This
the base-base attractions as expected. The computed interac-methodology is of course not new and has been in vogue since
tion energies in dimethyl sulfoxide, treated as a continuum the work of Kirkwood and co-worke?%for estimating solvent
solvent of dielectric constant 46.7, are too small in relation to mediated interactions. The corresponding experiments would
experiment. A uniform dielectric constant (a fixed constant involve turning one or both charge distributions on or off as by
value for D) appears to be inappropriate for modeling DNA in a mutation or via a titration as feasible/applicable. As opposed
solution using continuum solvent methods. Results \ith) to this, binding studies typically involve bringing the two
= 4 are closer to solution values than to gas phase values, ainteracting species initially separated to their final state, which
point of relevance to molecular dynamics protocols and model- require inter alia, an explicit consideration of desolvation and
ing studies on DNA in vacuo. Overall, the relative strength of the problem configured in the framework of a thermocycle.
the base pair energetics in gas phase, considering &ther Binding energies can be postive/unfavorable even for oppositely
1 or D(r) = r as representative, obeys the following trend charged distributions. Identification of the forces driving the
AMBER > CHARMM > OPLS> GROMOS. double helix formation is beyond the purview of this study. The
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