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Abstract

Canonical forms of duplex DNA are known to sample well defined regions of the a, B, y, € and ¢
dihedral angles that define the conformation of the phosphodiester linkage in the backbone of
oligonucleotides. While extensive studies of base composition and base sequence dependent effects
on the sampling of the A, B; and By, canonical forms of duplex DNA have been presented, our
understanding of the intrinsic contribution of the five dihedral degrees of freedom associated with
the phosphodiester linkage to the conformational properties of duplex DNA is still limited. To better
understand this contribution ab initio quantum mechanical (QM) calculations were performed on a
model compound representative of the phosphodiester backbone to systematically sample the
energetics about the a  y € and ¢ dihedral angles relevant to the conformational properties of duplex
DNA. Low energy regions of dihedral potential energy surfaces are shown to correlate with the
regions of dihedral space sampled in experimental crystal structures of the canonical forms of DNA,
validating the utility of the model compound and emphasizing the contribution of the intrinsic
mechanical properties of the phosphodiester backbone to the conformational properties of duplex
DNA. Those contributions include the relative stability of the A, B, and By, conformations of duplex
DNA, where the gas phase energetics favor the B, form over the A and By, forms. In addition, subtle
features of the potential energy surfaces mimic changes in the probability distributions of a, B, v, €
and { dihedral angles in A, By and By, forms of DNA as well as with conformations sampled in single-
stranded DNA. These results show that the intrinsic mechanical properties of the phosphodiester
backbone make a significant contribution to conformational properties of duplex DNA observed in
the condensed phase and allow for the prediction that single stranded DNA primarly samples folded
conformations thereby possibly lowering the entropic barrier to the formation of duplex DNA.
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INTRODUCTION

Structural characteristics of the canonical forms of duplex DNA and RNA have been
investigated for well over 50 years.! These investigations initially involved X-ray diffraction
studies of fibres from which overall features of the repeating units of DNA were elucidated.
2:3 Information that, when combined with various chemical analysis, lead to the elucidation of
the double helical form of DNA, a discovery that laid the foundation for modern molecular
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biology.# Subsequent X-ray crystallographic® and NMR studies of DNA and RNA verified the
earlier observations concerning the repeating features of the canonical forms of these molecules
and, importantly, revealed subtle variations in the helical structures that have have been shown
to be related to base sequence and composition effects.b:” For example, A tracts of DNA are
known to favor bent forms of B DNA8 while regions high in GC content are predisposed to
the A form of DNA.%10

Significant work has gone into understanding the underlying properties of DNA that contribute
to the relative stabilities of the A, By and B, forms of DNA. In conditions of high water activity
it has long been known that the B form is favored over the A and By, forms based initially on
fibre diffraction experiments and subsequently verified via X-ray crystallography and various
solution techniques, including NMR spectroscopy. To achieve the A form of duplex DNA it
is necessary to significantly lower the water activity of the environment of the DNA, via high
salt, cosolvent (e.g. ethanol or trifluoroethanol) 1112 or low relative humidity as used in fibre
diffaction experiments.13 Concerning the By, form, it occurs at a higher probability when DNA
is bound to certain proteins.1415 However, it should be emphasized that both A and B!
conformations are sampled to varying extents in duplex DNA under high water activity
conditions. That sampling has been shown to be dependent on base composition and sequence,
where the A form is favored by GC base pairs and CpA.TpG steps have been indicated to favor
the B state, based on a survey of crystal structures'® as well as experimental® and theoretical
studies.’

While the base composition and sequence determinants that favor the A and B, states have
and continue to be studied, a full understanding of the energetic determinants of the relative
stabilities of the A, B and B, states is still lacking, though progress towards this goal has been
made. Recent effort has been put towards understanding the factors impacting the A versus
B, equilibrium. These efforts involved the application of MD simulations to study both the
equilibrium1819 and the transition29=2° between the A and B forms. All these studies have
confirmed the essential role of solvent, consistent with the experimentally known impact of
water activity on the equilibrium.26 However, the exact role of solvent is still not clear; a
dominant role is certainly related to the minimization of intraphosphate repulsion,2” while
important roles of both minor groove and major groove waters have been indicated.2%28 |In the
case of the By, form restructuring of the hydration shell is important for facilitation of the B
to By, transition?%:30 and water activity has been implicated to contribute to their equilibrium.
31,32 Concerning contributions from the intrinsic mechanical properties of DNA a role of base
stacking to the equilibrium between the A and B forms has been proposed and quantum
mechanical (QM) calculations have shown that cytosine at the nucleoside level intrinsically
favors in the experimental regimen y values.33 With the By, form detailed information on the
intrinsic conformational properties is lacking though force field calculations indicate the
transition between the B, and By, forms to involve torsional strain34 and QM calculations on
a sugar analog with a 3° methylphosphate indicate the B, form to be intrinsically energetically
lower than the By, form.3°

In the present study we extend previous QM studies of the energetics of DNA to investigate
the intrinsic mechanical properties of the phosphodiester linkage to the conformational
properties of the A, Bj and By, forms of canonical DNA. Calculations were performed in the
gas phase on a model compound (Figure 1) that contains a phosphodiester linkage capped by
furanose rings. The compound includes all the essential features of the phosphodiester linkage
allowing the regions of conformational space relevant to the A, B and B, forms to be sampled
explicitly, including the impact of sugar pucker. In particular, the compound was designed to
omit i) a second phosphate moiety, thereby avoiding contributions from intrastrand phosphate
repulsion, and ii) a nucleic acid base or base mimic, thereby avoiding contributions from base
composition on the obtained energetics. In addition, all calculations are performed in the gas
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phase allowing the intrinsic mechanical properties of the linkage to be obtained without solvent.
While QM methods do allow for solvation contributions to be taken into account via implicit
solvent models, the hydration properties of DNA are complex3®, making the results from
continuum solvent model calculations questionable in the context of their impact an duplex
DNA.

QM calculations were performed with Gaussian version 0337 and with QChem version
3.1.38 Geometry optimizations were performed to default tolerances, unless noted, using the
6-31+G(d) basis set 39 with electron correlation treated via 2nd order Mgller-Plesset
perturbation theory.% During the initial minimizations constraints were applied to the a, B, v,
g, and ¢ dihedrals and a selected intra furanose ring dihedral (Table 1) to mimic the
conformation of the A, B, or By, forms of DNA as described in the Results and Discussion.
For all optimizations the initial geometries were generated using the program CHARMM?4L:
42 with the all-atom nucleic acid force field.43:44. For the optimizations with the sugar pucker
allowed to relax the initial structure was that optimized with the sugar pucker initially
constrained via a single intra-ring torsion to enforce the C2’endo or C3’endo pucker followed
by optimization in the absence of those constraints. This second optimization was performed
using the tight optimization criteria in Gaussian. Single point energy calculations were
performed using QChem with the double and triple zeta basis sets of Dunning and coworkers
45 using the resolution of identity MP2 method (RI-MP2).46:47 Estimates of relative energies
at the complete basis set limit were performed using the extrapolation method of Helgaker
48,49 with the aug-cc-pVDZ and aug-cc-pVTZ energies obtained with the RI-MP2 treatment
of electron correlation. Sugar pucker pseudorotation values were calculated following the
method of Altona and Sundaralingam.>0

Surveys of the torsion angles in DNA were obtained from several sources. The A DNA and
single-stranded DNA (ssDNA) data was obtained from the nucleic acid database (NDB,
http://ndbserver.rutgers.edu).> The search was performed using the NDB search engine
selecting for X-ray crystallographic structures of A and ssSDNA; in the case of A form DNA a
2.5 A resolution cutoff was applied, yielding a total of 86 structures from which 1263
nucleotides were extracted. Following removal of undefined dihedrals 1108, 1115, 1263, 1104
and 1104 a, B, v, € and { dihedrals, respectively, were obtained. For the sSDNA search no cutoff
based on resolution was applied to maximize the number of hits. A total of 135 structures were
identified which included a total of 1428 nucleotides. Removal of undefined dihedrals yields
1213, 1298, 1402, 1216 and 1215 a, B, v, € and { dihedrals, respectively. Data on the B and
By forms of DNA were obtained from the published study of Djuranovic and Hartmann.15 In
addition to the above, survey results from the recent study by Svozil et al 10 were obtained to
check that the selection criteria did not significantly bias the obtained distributions (Figure S1,
supporting information). Those results, which more rigorously defined the A, B; and By classes
of DNA are similar to those from the present survey and from the Djuranovic and Hartmann
study. All probability distributions were generated based on 5° bin widths.

RESULTS AND DISCUSSION

Model compound calculations have a long history with respect to improving our understanding
of the conformational properties of biological macromolecules. The earliest studies relied on
hard sphere models of the alanine dipeptide showing the low energies regions, as defined by
the dihedral angles ¢ and y, are indicative of the range of the peptide backbone ¢, and v,
dihedrals sampled in proteins, thereby offering a better atomic-level understanding of the
conformational space sampled by the protein backbone.52:53 Subsequently, numerous QM
calculations were performed with this and related models from which more quantitative
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evaluations of the impact of the local energetics of the peptide backbone on conformational
properties of proteins were obtained.>456 With nucleic acids early work was also initiated
using hard-sphere models 575859 as well as force field 806162:53 and semiempirical
methods®465767. These studies yielded a range of insights into the conformational properties
of nucleic acids, including oligonucleotides. However, the results from studies using such
theoretical methods may be considered to be qualitative in nature. More recently, ab initio QM
calculations have been undertaken on nucleic acid constitutents. A large number of these
calculations have focused on the bases, including base pairing and stacking interactions; the
later may be considered exceedingly challenging given the extensive overlap of orbitals of the
bases such that this still represents an active area of research.58=70 Concerning the
phosphodiester backbone, initial ab initio QM calculations involved dimethylphosphate
(DMP). These have been followed by calculations on larger model compounds that include
moieties representative of both the sugar and the phosphate as well as on nucleosides. These
studies typically include relatively large basis sets (e.g. 6-31+G(d) or larger) and the explicit
treatment of electron correlation with either MP2 or density functional methods. Notably these
studies have shown that the low energy regions of dihedral energy surfaces for the model
compounds correspond to regions sampled with high probabilities in surveys of the
crystallographic structures.3%:7172737433:75-7778 Analysis of these results yielded insights
into the Analysis conformational properties of oligonucleotides as well as serving as part of
the target data for the optimization of the CHARMM?27 force field for nucleic acids.*3:44 More
recently, this approach was extended to the AMBER force field where extensive QM
calculations on a model compound designed to treat both o and y were used, in combination
with MD simulations, to correct a deficiency in the original Cornell force field.”®

Advances in computational power as well as in theoretical methods allow for higher-level QM
calculations on larger model compounds that include more features of the macromolecule of
interest. For example, in oligonucleotides a number of correlations exist between the rotatable
degrees of freedom in the molecule. Examples include the relationship between ¢ and { and
between y and the sugar pseudorotation angle, among others (see Saenger for a detailed
discussion of these correlations).110 To investigate such relationships using QM calculations
it is necessary to have model compounds that include both of the dihedrals being studied.
Examples of these include models to study the /¢, 3° and a/y relationships mentioned above.
9 However the models used in those studies only contained a single sugar moiety, which may
be limiting in understanding the full range of intrinsic mechanical properties in the
phosphodiester backbone that influence the conformational properties of duplex DNA. To
overcome that limitation we designed the model compound shown in Figure 1; the compound
will be referred to as T3PS (tetrahydrofuran with 3’phosphate with a capping sugar, Figure 1).
As stated above, T3PS was designed to allow all the features of a single phosphodiester moiety
along with the capping sugars to be treated explicitly thereby allowing the contribution of the
intrinsic mechanical properties of the phosphodiester linkage to the conformational properties
of DNA duplexes to be investigated. Recently, work on a similar model, that also contained a
phosphodiester moiety and two sugar moieties designed to investigate the a/y conformational
properties was published.89 That compound, referred to as SPSOM, in addition to the
phosphodiester and capping sugars also contained 3’methoxy and 4’methoxymethyl (i.e. -
CH,-0O-CHps) moieties. Those functionalities were omitted in the present work to minimize the
size of the model as well as avoid additional confounding effects from the 3’ and 4’ moieties
that would limit the interpretation of the obtained energies to contributions solely from the
sugars and phosphodiester linkage, a limitation noted by the authors of that study. However,
while some differences exist in the two compounds, the values of the a and y dihedrals at the
minima reported in Table 2 of the SPSOM study correspond with the minima in the
corresponding o and y dihedral energy surfaces for T3PS (see Figure 2 and Figure 3), as
expected given the similarity of the two model compounds.
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Given the number of rotatable bonds in T3PS plus the two sugars the total number of
conformations accessible to the molecule is large. Assuming a 15° grid and two states for each
sugar the total number of conformations is approximately (2 x 2 x 25)5 or 106. While
calculations on 106 conformers is accessible to force field methods this is still an intractable
number when considering QM calculations at a sufficient level of theory. Accordingly, QM
calculations focused on the regions of dihedral space relevant to the A, B, and By, forms of
duplex DNA. This was performed by selecting values of the dihedrals associated with the three
forms of DNA obtained from published data on surveys of the NDB,33 supplemented with a
value of 143° for B in the By, form (Table 1).89 In addition, the C2’endo and C3’endo
conformations of the furanose rings were restrained in the initial QM calculations using
individual intra-ring dihedrals as listed in Table 1. Thus, in the dihedral energy scans to sample
the potential energy surface of a selected dihedral, for example, a, for a given form of DNA
the remaining 4 “non-target” phosphodiester dihedrals and the intra-ring furanose dihedrals
were constrained to the values corresponding to the canonical values listed in Table 1. In the
presence of those constraints the target dihedral, o, was then sampled from 0 to 345° or 360°
in 15° increments with all remaining degrees of freedom in the molecule optimized at each
increment. The resulting optimized structures were then subjected to additional minimization
with the furanose rings allowed to fully relax while the four non-target dihedral constraints
were retained. This approach allows for the regions of conformational space relevant to the
canonical forms of duplex DNA to be sampled explicitly using the same model compound.
Notably, use of the same model compound allows for the energies of the systems to be offset
with respect to the “global” minimum for all the conformations investigated, thereby allowing
for the intrinsic, mechanical conformational energy contributions to the A versus B, versus
B, forms of DNA to be determined, as presented below. Finally, for all the minimum energy
conformations for each dihedral and each form of DNA, full optimizations were performed
allowing the impact of the constraints to be evaluated.

Initial QM calculations were undertaken at the MP2/6-31+G(d) level on T3PS to determine
if the compounds energetic properties correspond to regions of dihedral space sampled in
crystallographic studies of DNA. Presented in Figure 2 are the potential energy surfaces for
a through £ for the A, B and By, canonical forms of DNA with the non-target dihedrals and
sugars constrained to the values listed in Table 1. For each set of surfaces (i.e. all a surfaces)
the energies are offset to the global energy minimum for that target dihedral, which is the B,
minimum in all cases. The figure also contains distributions of the dihedrals from a NDB survey
for A, By and By, forms of DNA. Inspection of the plots in Figure 2 shows the correlation
between the low energy regions of the QM potential energy surfaces with the high probability
regions of the NDB survey data to be high. This is true for all five dihedrals. For most of the
dihedrals, including o, B, y ande, there is a very strong correspondence between the low energy
regions of the potential energy surfaces and the NDB data, though some interesting differences
do exist. The low energy region in the vicinity of 240° in 3 surface is not sampled in the survey
data. This appears to be due to unfavorable interactions with the base of the preceding
nucleotide in DNA being in the anti orientation as this region of B is sampled in Z-form DNA
35 and the relationship of a syn orientation of the base of the preceding nucleotide with f in the
vicinity of 220-240° is evident in high resolution Z-form crystal structures.81:82 With, v, the
g- minima in the vicinity of 300° is not sampled in the survey; this appears to be due to
constraints associated with the duplex structure as some sampling of this region of y occurs in
nucleosides and nucleotides8? as well as in single-stranded DNA (see below). In the case of,
¢, the correspondence of the A and B, form surfaces with the survey data is high, while the
B, form samples a relatively high energy region of the QM surface in the crystal structures
(€~ 180°), indicating the influence of more remote regions of DNA in the sampling of . While
some differences are anticipated, the overall level of correspondence between the energy
surfaces and the NDB survey results in Figure 2 emphasize the utility of T3PS for the study
of the intrinsic conformational properties of DNA.
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Another notable feature in Figure 2 are the relative energies of the A vs. B! vs. By, surfaces. In
all cases the B form represents the lowest energy state with the A and B, states being similar,
with the exception of the B and ¢ surfaces, where By, is lower than A. The relative ordering of
the surfaces is consistent with the B, form being that most frequently observed in experimental
studies, indicating that the intrinsic energetics of the phosphodiester backbone contribute to
the relative stabilities of these three forms of DNA. This discussion is expanded below.

Concerning sugar puckering, the sugars generally stay in either the C2’endo or C3’endo states,
consistent with the constraints used in the energy surfaces (Figure S2A and S2B, supporting
information). The only exception occurs with sugar 2 in the B surface for the B; form (Figure
S2B). In the range from 330 up through 75° the sugar switched to the C2’exo state, in which
the C3’-C4’-04’-C1’ dihedral is also 0°, consistent with the applied constraint. This switch in
the sugar pucker is due to severe steric overlap of the two sugars in this region of the surface
that leads to the high relative energies. Indeed, this steric clash was so severe at 3 values of 0
and 15° in several instances the QM optimization did not converge (not shown). However,
since this region is of such high energy and is forbidden, as evidenced by the lack of sampling
of this region in the NDB survey data, the switch in the sugar pucker is not relevant to
interpretation of the results.

While the results in Figure 2 are generally in agreement with previously reported QM results
comparing model compound with survey data, there are differences. For example, our previous
study of B using tetrahydrofuran (THF) with a 5” phosphate showed the low energy structures
to occur at 240°,3% as in the present study, but there was a steady rise in energy upon going to
lower values where sampling in the survey occurs. However, with T3PS the energies of both
the A and B, forms stay low in this region. Concerning o and ¢ the model compound DMP has
been used to show the intrinsic energetic favorability of the highly sampled region at 300° (i.e.
the g- state).84~88 consistent with present results. In addition, it is known that the g,g conformer
is the global minimum of DMP while the g,t conformer is of higher energy consistent with the
higher energy of the By, form with T3PS whose restraints (Table 2) approximate the g,t
conformation. However, as the restraints defining both A and B forms (Table 2) correspond
approximately to the g,g conformation, calculations were undertaken to determine if DMP
yields the relative energies of the A and B, forms. Optimization of the A and B, forms was
performed by constraining the { dihedral in DMP to the value presented in Table 1 with the
remainder of the molecule allowed to relax. Interestingly this yielded a relative energy of the
A form being 0.7 kcal/mol more favorable than that of the B, form in contradiction to the results
obtained with T3PS. This is due to the A form o dihedral being closer to the true g minimum
value as compared to the B, form. Energy surfaces of o show this trend to be maintained through
the entire region of dihedrals that are sampled in the crystal survey (i.e. 120 through 315°, not
shown). Such a difference emphasizes the importance of including the full representation of
the phosphodiester linkage as well as the capping furanoses in T3PS to allow for
conformational energies relevant to the A, B, and By, canonical forms of DNA to be obtained.

While the results in Figure 2 indicate an important role for the intrinsic energetics of the
phosphodiester backbone in contributing to the conformational properties of DNA additional
calculations were undertaken to insure that the presence of constraints on the sugar puckers
did not significantly impact the energy surfaces and to test the impact of basis set on the
obtained results. These computations included allowing the sugars to fully relax while
constraining the remaining dihedrals and then performing single point RIMP2/cc-pVTZ
calculations on all the MP2/6-31+G(d) optimized structures (Figure 3). Presented in Figure 3
are the resulting MP2/6-31+G(d)//RIMP2/cc-pVTZ energy surfaces for the five targeted
dihedrals for T3PS inthe A, B, and By, forms of DNA. The plots include the conformers where
the target dihedral was fully optimized and the energies are again all offset to the lowest energy
structure for each target dihedral, corresponding to the B, form in all cases. As with the results
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in Figure 2, the low energy regions of the plots generally correspond to regions that are highly
populated in the survey data and the result showing the B, conformation to systematically be
of lower energy than either the A or By, conformations is maintained.

In general, allowing the sugar puckers to optimize yielded values of the pseudorotation angles
that remained in the target north or south minima for the A or B,/B,, forms, respectively, for
the low energy regions of the energy surfaces (Figure S3A and S3B of the supporting
information). However, in many cases the sugar pseudorotation values did deviate significantly
from the idealized C3’endo (north) or C2’endo (south) conformations. For example, with the
second sugar in the higher energy regions of the a and ¢ surfaces (60 to 180° and beyond,
Figure S3B) there is a tendency to sample pseudorotation values in the vicinity of 240°, values
that are typically forbidden in duplex DNA structures. However, due to the lack of the base
moieties in the model compound, the steric clash that normally occurs with the 5’ sugar
substituent and leads to this region being forbidden cannot occur such that conformations in
the vicinity of 240° will be allowed in T3PS. Similarly, in the case of B there are significant
deviations on the sugar 2 (Figure S3B) pseudoroation values in the high energy regions (above
270° and below 90°). This is associated with the severe steric clash of that sugar with the
remainder of the model compound, leading to the high potential energies away from the
minimum energy region, as discussed above. As the north and south sugar puckers dominate
in the regions of the energy surfaces observed in crystallographic structures, T3PS is yielding
conformational properties consistent with those observed in crystallographic studies.
Concerning the relative energies of the surfaces for the A, B and B, conformations,
comparison of Figure 2 and Figure 3 show that restriction of the puckers to either the C3’endo
or C2’endo forms does contribute to the higher energies of the A and B, conformations, though
they are still of higher energies than the B, form when the sugars are allowed to relax.

To further validate the energies presented in Figure 3, relative energies extrapolated to the CBS
were obtained for the minima from each surface and for selected high energy conformations
(Table 2). The same procedure used by Svozil et al. on the SPSOM model compound®8® was
applied. In addition, Svozil et al. applied a correction for the treatment of electron correlation
to the CCSD(T) level. That correction only changed the relative energies by a maximum of
0.1 kcal/mol. Accordingly, such a correction was not included in the present study. Comparison
of the RIMP2/cc-pVTZ energies extracted from Figure 3 and CBS energies in Table 2 show
the agreement to generally be good, with the differences typically 0.3 kcal/mol or lower for
the minimum energy conformations. With the selected high energy conformations the
differences are larger. The largest difference of 3.3 kcal/mol occurs with B for high energy A
form with several others high energy conformations differing by approximately 1 kcal/mol
(i.e.p, By;y, A, By and By); however, these differences do not change the relative ordering
amongst the different forms of DNA. Thus, the RIMP2/cc-pVTZ relative energies may be
considered adequately converged and will act as the basis for further discussions of the data.

A final check of the use of restraints in the optimizations was performed by taking the minimum
energy structures from Figure 3 and subjecting them to full optimizations in the absence of any
restraints at the MP2/6-31+G(d) level followed by single point calculations at the RIMP2/cc-
pVTZ level. Presented in Table 3 are the relative energies corresponding to the minima in
Figure 3 with constraints on the non-target dihedrals (Cons in Table 3), the relative energies
of the fully optimized conformations (Full Opt in Table 3) and their dihedral angles and
pseudorotation values. In general, full optimization led to a lowering of the relative energies
of the A and B, states. The largest decrease occurs with { while an exception to this trend is
observed with the B and & By} minimum energy structures, where the fully optimized relative
energies are higher. With  the decrease in relative energies are associated with the 8 dihedral
in the A form shifting to its global minimum (Figure 3) while with the By, form the ¢ dihedr al
shifts to its minimum conformation from the value of 159° observed in the crystal survey data
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(Table 1). In addition, with y the B,; conformer relaxes to the B; conformation. These results
further validate the relative energies of the minima obtained in the presence of the non-target
dihedral constraints as these conformations are also minima in the absence of constraints, with
the only exception being the y By, conformation.

Several aspects of the surfaces in Figure 3 are notable. These include the relative energies of
the different forms of DNA mentioned above, subtle features of the potential energy surfaces
that are consistent with the survey data, the more significant difference observed between the
crystallographic probability distributions and the energy profiles for the Bj; form and the
potential impact of the observed intrinsic properties on the structure of single stranded DNA.
The remainder of the manuscript will address these issues.

For all 5 dihedrals the B, surfaces is systematically lower than both the A and B!! forms. This
effect was previously noted for the A versus B, forms of DNA using smaller model
compounds3® where the sugar pucker was maintained in the C3’endo or C2’endo forms using
the single intra-ring dihedral listed in Table 1. However, the present results go beyond those
observations by extending them to the By, form as well as with respect to T3PS including the
full phosphodiester backbone. The inherent stability of the B form of DNA over the A and
By, forms has long been known based on various experimental methods.1112:13:25 The present
results confirm that the intrinsic mechanical properties of the phosphodiester backbone
contribute to the favored sampling of the B, form. From Table 2 it may be seen that the B,
minima are at least 1.6 kcal/mol below the A form and at least 0.8 kcal/mol below the By, form.
Moreover, the survey data show the By, form of duplex DNA to sample higher energy regions
of the, € and ¢ surfaces (Figure 3) rather than sampling only the minimum energies regions.
By selecting representative high energy conformations from these sampling regions (e.g. the
150° conformations for ¢ and the 270° conformation forg) the present results suggest that
approximately kcal/mol is required per nucleotide to overcome the intrinsic energetics of the
phosphodiester backbone to achieve the By, conformation; a value of approximately 1.6 kcal/
mol would be required to assume the A form conformations. While these energy requirements
are not extremely large, being 3-4 KT at room temperature, T, where K is the Boltzmann
constant, they are consistent with the need for additional energetic input from other regions of
the DNA or from the environment to overcome these higher relative energies. However, it
should be noted that other A, B, or By, conformations could exist in each local energy basin
such that the true intrinsic energy differences may vary from the aforementioned values.

As discussed in a number of published studies, energy contributions to overcome the intrinsic
mechanical energy contribution may come from base stacking, base-phosphodiester backbone
interactions, solvent effects or protein-DNA interactions or a combination thereof. For
example, QM calculations of nucleosides show the A versus B forms to be isoenergetic with
adenine, guanine and thymine, while cytosine favors the A form by approximately 2 kcal/mol,
1 an amount of energy that would overcome the intrinsic phosphodiester backbone energy of
A versus B DNA discussed above, contributing to the intrinsic ability of cytosine bases to
favor A form DNA. Solvent contributions, including ionic strength effects, are an obvious
means to overcome the intrinsic energy differences, consistent with studies using the Poisson
Boltzmann/Molecular Mechanical (PB/MM) or Generalized Born/Molecular Mechanical (GB/
MM) methods to study the A/B form equilibrium.18:19 Possible sources for such contributions
are direct interactions of the solvent with backbone or indirectly via differential solvation in
the minor or major grooves. An interesting consideration is that while the present model
compound does not include intra-strand phosphate-phosphate repulsion, which further
disfavors the A form with respect to the B form due to the intrastrand phosphate distance being
significantly shorter in the A form®°, it still predicts that the A, as well as By;, forms are still
intrinsically unfavorable as compared to the B, form. Thus, the presented results represent an
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additional step towards better understanding the contribution of different moieties of
oligonucleotides to their overall conformational properties.

An interesting aspect of the present results are that features of the energy surfaces are consistent
with subtle aspects of the crystal survey distributions (Figure 3). Both a and ¢ sample in the
region of 300°, consistent with the present energy surfaces as well as with previous reported
results based on DMP.84-88 However, subtle differences in the survey probability distributions
are evident. In the case of a the flatter energy well with the By, form coincides with the widest
range of sampling among the three forms while with £ the location of the local minima differ
for A versus B which is mirrored in the survey distributions. With, sampling in the B, form
at values < 150° is consistent with the potential energy of this form not rising as rapidly as
occurs with the A and B, forms. Subtle changes in the location of the y maxima observed in
the survey distributions where By, < B; < A are mimicked by the location of the local g+ minima
for the three forms of DNA. With ¢ the location of the maxima in the survey results for A versus
B, are consistent with the location of the minima in the energy surfaces, the somewhat broader
distribution in A coincides with the flatter energy surface for that form and the significant shift
in the location of the maxima in the distribution of for By coincides with the local minimum
at 270° in the corresponding energy surface. While such correlations between the energy
surfaces and the survey distributions may simply be coincidence, the number of similarities
suggests that the intrinsic mechanical properties of the phosphodiester backbone are
contributing to subtle aspects of the sampling of conformational space by DNA in duplexes.

The relationship of the sampling of the dihedrals B, € and { in the B, form in the crystal survey
data deserves additional discussion. With B and & sampling in the survey does not coincide
with the global minima for the By, energy surfaces, but it does occur in allowed regions of the
energy surfaces, further emphasizing the contribution of the phosphodiester backbone in
dictating the sampling of backbone conformations in the experimental regimen. With ¢ higher
energy regions of the By, surface are being sampled. The sampling of these higher energy
regions as well as the By, conformation being intrinsically unfavorable with respect to the B,
form emphasizes the importance of specific environmental contributions to the stabilization of
this form. These may include specific reorganization of the hydration layer,29:30 water activity
effects31:32 or specific protein-DNA interactions.1* The present results will facilitate
understanding how the energy contributions from those phenomena contribute to sampling of
the By, conformation.

Correlation between the QM energy surfaces and the sampled regions of the backbone dihedrals
in crystal structures may be of significance with respect to the structure of sSDNA. While
solvent contributions have not been taken into account, the present QM results based on
T3PS indicate that ssSDNA will have a propensity to sample conformations that are similar to
those occurring in the duplex form of DNA. In support of this suggestion a survey of all sSSDNA
structures in the NDB was performed, with the results presented in Figure 4. While all 5
dihedrals sample a large portion of the full 360° range it is evident that the most populated
regions coincide with the low energy regions of the T3PS energy surfaces as well as with
regions sampled in the duplex forms of DNA (Figure 3). In the case of y significant sampling
also occurs in the vicinity of the t and g- rotamers; with the sampling of those rotamers being
significantly higher than occurring in the duplex DNA surveys. These also coincide with the
three minima in the y potential energy surfaces and sampling of the g- conformation as seen
in nucleotides and nucleosides,8 as discussed above. These results are also consistent with a
survey of single stranded DNA-protein complex crystal structures showing an average P-P
distance of 6.8+0.8 A, 9 which is similar to the P-P distance of 7 A in B form DNA® and values
of 6.3 °1 and 5-7 A 92 estimated for ssSDNA in solution If ssDNA is sampling duplex-like
phosphodiester backbone conformations such sampling would be anticipated to diminish the
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loss of configurational entropy in the oligonucleotide upon assuming the duplex form, thereby
favoring is formation.

CONCLUSION

QM calculations were performed on T3PS to systematically sample the conformational space
of the molecule relevantto the A, B, and By, canonical forms of duplex DNA. Initial calculations
in which the sugar moieties were constrained to be either C3’endo or C2’endo yielded surfaces
in which the low energy regions are consistent with probability distributions of the respective
dihedrals from a survey crystallographic structures, thereby validating both the selection of the
model compound and the constraint method used to sample the selected regions of
conformational space. Additional QM calculations included full optimization of the sugar
moieties starting from the previously constrained puckers and energy calculations with more
complete basis sets. The resulting energy surfaces showed the intrinsic mechanical properties
of the phosphodiester backbone to favor the B, form over both the A and B, forms consistent
with a range of experimental results in environments of high water activity. Notable is the
intrinsic higher energy of the A form even in the absence of intra-strand phosphatephosphate
repulsion. Clearly, significant contributions of the environment and/or the remainder of the
DNA molecule are needed to assume the A or By, forms of duplex DNA. The contribution of
the phosphodiester backbone to the structure of duplex DNA is further emphasized by the shape
of the QM potential energy curves mimicking subtle details of sampling in dihedral probability
distributions from the crystallographic survey data. Notably, the fact that the low energy
regions of the potential energy surfaces are consistent those observed in DNA duplexes allows
for the prediction that single-stranded DNA tends to assume the folded conformation, thereby
lowering the entropic barrier to formation of duplex DNA. While the present results should
not be interpreted as the phophodiester backbone dictating the structure of duplex DNA they
do point to a significant contribution by that part of the molecule, yielding a quantitative
estimate of the extent of that contribution. It is anticipated that similar QM studies on related
model compounds will yield further insights into the structural properties of oligonucleotides.
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Figure 1.
Model compound T3PS used for calculation of the potential energy surface. Dihedrals sampled
in the study are shown on the left panel and atom names are shown on the right panel.
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Potential energy surfaces (upper panels) and crystallographic probability distributions for the
a, B, v, € and { dihedrals. Energy surfaces obtained at the MP2/6-31+G(d) level with the sugar
puckers fixed as described in the text and the surfaces in each panel are offset to the global
minimum energy conformation in that panel (B minimum in all cases). Probability
distributions from a survey of the NDB for A form DNA and from Djuranovic and Hartmann
93 for the By and By, forms of DNA.
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Potential energy surfaces (upper panels) and crystallographic probability distributions for the
a, B, v, eand { dihedrals. Energy surfaces obtained at the MP2/6-31+G(d)//MP2/cc-pVTZ level
with Energy surfaces obtained at the MP2/6-31+G(d)//MP2/cc-pVTZ level with the sugar
allowed to relax as described in the text and the surfaces in each panel are offset to the global
minimum energy conformation in that panel (B minimum in all cases). Probability
distributions from a survey of the NDB for A form DNA and from Djuranovic and Hartmann
93 for the By and By, forms of DNA.
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Phosphodiester and sugar dihedrals defining the A and B forms of DNA as reported by Foloppeet al.33 and used

as constraints in the present study.

Dihedral Constraints A DNA B, DNA B, DNA
a (03’-P-05’-C5’) 291 298 298
B (P-05’-C5’-C4’) 175 168 143
y (05°-C5’-C4’-C3’) 57 51 51
g (C4’-C3’-03’-P) 205 195.7 267.2
£ (C3’-03’-P-05%) 287 270.3 159.2

Sugar Constraints

C2’endo (south, B form) C3’-C4’-04’-C1’ =0
C3’endo (north, A form) C4’-04’-C1’-C2’ =0

Dihedrals in degrees. Significant figures reported in the Table correspond to those applied in the calculations.
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Relative energies of the minima and selected high energy conformations as a function of the level of theory

including extrapolation to the complete basis set.

Alpha RIMP2/cc-pVTZ RIMP2/cc-pVTZ RIMP2/aug-cc-pVTZ CBS
A, minimum 2.14 2.22 2.07 2.01
A, highE 5.12 4.90 4.89 4.89
B, minimum 0.00 0.00 0.00 0.00
B,, highE 2.87 2.56 2.66 2.70
B,;, minimum 2.57 2.98 2.77 2.69
By, highE 5.14 6.05 5.29 4.96
Beta

A, minimum 2.18 1.65 1.63 1.62
A, highE 8.03 11.39 11.33 11.30
B,, minimum 0.00 0.00 0.00 0.00
B,, highE 6.90 5.69 5.85 5.92
B,;, minimum 2.03 2.45 211 1.96
B,,, highE 3.47 3.28 3.42 3.48
Gamma

A, minimum 2.15 2.26 2.07 1.99
A, highE 7.03 6.47 6.12 5.97
B,, minimum 0.00 0.00 0.00 0.00
B,, highE 5.94 5.44 4.99 4.79
B,;, minimum 211 2.48 2.33 2.27
By, highE 7.56 7.75 6.92 6.57
Epsilon

A, minimum 1.78 2.20 1.90 1.77
A, highE 2.16 2.56 221 2.07
B,, minimum 0.00 0.00 0.00 0.00
B,, highE 1.16 1.67 1.38 1.25
B,;, minimum 191 2.56 2.10 191
By, highE 2.54 3.03 2.75 2.63
Zeta

A, minimum 2.00 2.23 1.94 1.82
A, highE 4.73 5.82 4.81 4.39
B,, minimum 0.00 0.00 0.00 0.00
B,, highE 1.79 2.90 2.19 1.89
By, minimum 1.02 0.93 0.82 0.77
By, highE 2.85 3.22 2.95 2.83

All geometries at the MP2/6-31+G(d) level. Selected high energy conformations (highE) were 150, 135, 180, 270, and 150° for o, B, v, €, and ¢, respectively
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