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Abstract
DNA•RNA hybrid duplexes are biologically important molecules and are shown to have potential
therapeutic properties. To investigate the relationship between structures, energetics, solvation and
RNase H activity of hybrid duplexes in comparison with pure DNA and RNA duplexes, a molecular
dynamics study using the CHARMM27 force field was undertaken. The structural properties of all
the four nucleic acids are in very good agreement with the experimental data. The backbone dihedral
angles and the puckering of the (deoxy)ribose indicate that the purine rich strands retain their A/B
like properties but the pyrimidine rich DNA strand undergoes A-B conformational transitions. The
minor groove widths of the hybrid structures are narrower than in the RNA duplex a requirement for
RNase H binding. In addition, sampling of noncanonical phosphodiester backbone dihedrals by the
DNA strands, differential solvation properties and helical properties, most notably rise, are suggested
to contribute to hybrids being RNase H substrates. Differential RNase H activity towards hybrids
containing purine vs. pyrimidine rich RNA strands is suggested to be due to sampling of values of
the phosphodiester backbone dihedrals in the DNA strands. Notably, the present results indicate that
hybrids have decreased flexibility as compared to RNA, in contrast to previous reports.
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Introduction
DNA•RNA hybrids are heterogeneous nucleic acid duplexes containing a DNA strand and a
RNA strand, which are formed as key intermediates in various biological processes including
DNA transcription and replication.1–3 They also play a major role in the synthesis of retroviral
cDNA by reverse transcription. More importantly, DNA•RNA hybrids have been shown to be
useful as therapeutic agents in antisense therapy.3–5 Several studies have investigated the
dependence of the stability of hybrid structures on affinity, specificity and substrate tolerance.
6–16 It has been shown that the stability of hybrid duplexes increases when the DNA strand is
chemically modified, thereby increasing the antisense target affinity.7–16 In general, hybrid
structures are thermodynamically less stable than pure RNA duplexes; however, the magnitude
of the melting temperature is sequence dependent.17 Among the hybrids, purine rich RNA
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strands are known to form more stable hybrid duplexes than those with pyrimidine rich RNA
strands.17–20

RNase H, a ribonuclease, binds to DNA•RNA duplexes independent of the sequence and
cleaves the RNA strand hydrolytically to yield 5’-phosphate and 3’-hydroxy terminated
products. RNase H binds to both pure RNA duplexes and hybrid structures; however, it cleaves
only the RNA strand in the hybrid structures leaving the DNA strand pristine. Notably, hybrids
with purine rich RNA strands are resistant to RNase H cleavage, which has been shown to be
important in the reverse transcription of HIV RNA.18,21 Reasons behind why RNA duplexes
are inhibitors of RNase H and hybrid structures are substrates despite their structural
similarities are not completely understood.

Structures of several hybrids have been characterized using X-ray crystallography22–28 and
NMR spectroscopy16,20,29–34. Both X-ray and NMR derived structures reveal that the RNA
strand of a hybrid is in the A-form with all the ribose moieties present in the north conformation.
The structures of the DNA strand obtained by these two methods are not in agreement with
each other. X-ray crystal structures indicate that most of the deoxyribose moieties are present
in the north conformation, which is typical of a canonical A-form nucleic acid duplex.22,25,
26,28 In contrast, NMR experiments show that a considerable number of deoxyribose sugars
exist in the south form, which is typical of B-form DNA.20,29,30,35 Recently, Yang and co-
workers have reported the X-ray crystal structure of RNase H bound to a DNA•RNA hybrid
in which the DNA strand adopts a conformation similar to that obtained using NMR
experiments observed in solution.1,36

As discussed above, there are numerous experimental studies available on DNA•RNA hybrids,
whereas theoretical studies on these molecules are scarce. Cheatham and Kollman reported a
2 ns MD study on a DNA•RNA hybrid and obtained reasonable agreement with experimental
data.37 Sanghani and Lavery reported a molecular modeling study to address the
conformational preferences of DNA•RNA hybrids.38. MD studies have also been performed
on DNA•RNA hybrids with modified DNA strands.39,40. While these simulations are only 2
ns long or less, recently Noy et al. performed a 10 ns MD simulation on a hybrid structure and
proposed that RNase H distinguishes DNA•RNA hybrid from a RNA duplex based on the
differential flexibility pattern in the former.41 The RNA strand exhibits A-form structure and
the DNA strand exhibits B-form structure leading to an overall mixed A-/B- type conformation.
Around the same time, Nina and coworkers studied a DNA•RNA hybrid and its amide-3
backbone modified analog using melting experiments and MD simulations.12 In contrast to the
other computational studies, the DNA strand in the hybrids shows predominantly A-form
character. Thus, while structural and simulation studies have lead to a better understanding of
the properties of DNA•RNA hybrids, there is still not a clear picture of the relationship of the
properties of these molecules to their stability and biological function.

In the present study, we report results from MD simulations on a DNA (DD), two DNA•RNA
hybrids (DR and RD), and a RNA duplex (RR) sharing the same sequence except that thymine
is replaced by uracil in the RNA strands (Figure 1). The RNA strands in DR and RD contain
90% pyrimidine and purine bases, respectively, with only one of the terminal bases not
belonging to the base class. This selection was performed to address the known thermodynamic
stability ordering: RR > RD > DD > DR 19 as well as the preferential activity of RNase H
towards pyrimidine rich RNA strands. Results also shed light on the intrinsic properties of
hybrids versus RNA duplexes that may contribute to the former being substrates of RNase H.

Computational Details
Starting structures for the simulations were the published NMR structures for the respective
oligonucleotides (PDB ID: 1AXP, 1DRR, 1RRD and 1RRR).20 MD simulations were
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performed using the CHARMM program42 employing the CHARMM27 nucleic acid force
field43,44 and the modified TIP3P water model.45 The oligonucleotides were immersed in a
pre-equilibrated truncated octahedron water box whose size was selected based on the
condition that it extended at least 9 Å beyond the non-hydrogen atoms of the duplexes. Water
molecules overlapping with the solute (solute non-hydrogen to solvent non-hydrogen distance
of 1.6 Å or less) were deleted and sodium ions were added to make the system electrically
neutral. For all the minimizations and MD simulations, periodic boundary conditions were
employed using the CRYSTAL46 module implemented in the CHARMM program. Having a
mass-weighted harmonic restraint of 5.0 kcal/mol/Å on the non-hydrogen atoms of the
duplexes, the systems were subjected to 500-step adopted basis Newton-Raphson (ABNR)
minimizations. This was followed by a 20 ps MD simulation in the NPT ensemble and a 100
ps simulation in the NVT ensemble with the same harmonic restraints to equilibrate the solvent
molecules around the nucleic acid duplexes. The electrostatic interactions were treated via the
particle mesh Ewald method47,48 in all the calculations. Lennard-Jones interactions were
truncated at 12 Å with a force switch smoothing function49 from 10 to 12 Å and the non-bond
atom lists were updated heuristically. MD simulations were carried out at 283 K, the
temperature used in the NMR experiments.19 The structures from the equilibration steps were
subjected to 500 step ABNR minimization without any restraints and used as starting structures
for the production simulations. Production runs were carried out for 10 ns in the NPT ensemble
with the Leapfrog integrator employing an integration time step of 2 fs. No restraints were used
in the production simulation while the SHAKE algorithm was used to constrain all covalent
bonds involving hydrogen atoms.50 The NPT ensemble was achieved using Hoover chains51

for temperature control with a thermal piston mass of 1000 kcal/mol/ps2 and for pressure
control of 1 atm the Langevin piston method52 was used with a piston mass of 600 amu and
the piston collision frequency set to 0. Helical parameters and groove widths were evaluated
using the CURVES program53 and all other analyses were done using CHARMM. For all the
analyses the trajectories from the final 9 ns of the MD simulations were used on coordinates
saved every 2 ps. For calculation of root mean square (RMS) deviations with respect to
canonical A- and B- like structures, models were generated using Sybyl 6.2 (Tripos, Inc.). Base
pair and stacking interaction energies reported here were computed using the ‘INTEr’
command in CHARMM by selecting only the bases. The hydration numbers are the number
of water molecules in the first solvation shell defined by those water molecules with an
interatomic distance of 3.5 Å between the oxygen and any non-hydrogen atom of the
oligonucleotide.

Results and Discussion
The nucleic acid duplexes considered in the present study are shown in Figure 1. DD and
RR are pure DNA and RNA duplexes, respectively, and DR and RD are hybrid structures each
with one DNA and one RNA strand. All the four nucleic acids share the same sequence except
that the thymines of the DNA strands are replaced by uracils in the RNA strands. While the
first strand in the molecules consists of nine purine bases and a pyrimidine base, the second
strand is composed of nine pyrimidine bases and a purine base. The sequence of these duplexes
not only allow the comparative study of hybrids with respect to the pure DNA and RNA
structures, but also enable us to investigate the dependence of the purine-pyrimidine
composition on the structure of the individual hybrid structures as well as their interaction with
RNase H. Towards this goal, various structural and energetic factors were computed and are
presented in the following sections.

Structural and dynamic characteristics
The RMS deviations of the systems were calculated with respect to the experimental NMR and
X-ray crystal structures (where available), and the canonical A- and B- form structures; the
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results are given in Table 1. The overall RMS deviations of all the systems with respect to the
experimental structures are about 2 Å or less indicating excellent agreement. For DD, 6 NMR
structures were reported and for the others, 10 structures were reported,20 with a maximum
RMS deviation between the individual NMR structures of around 1.3 Å, a value that is
comparable to the calculated RMS values in Table 1. It is quite encouraging that the
CHARMM27 all atom nucleic acid force field originally parameterized based on the canonical
nucleic acids yields results that are in good agreement with experimental structures for the
DNA•RNA hybrids. Though the RMS deviation of RD with respect to the X-ray crystal
structure22 is only 1.6 Å, it is higher compared to the RMS deviations with respect to the NMR
structure (1.3 Å). This is consistent with the previous observation that MD simulations of the
hybrid duplexes in solution yield NMR like structures.41 To understand the contributions from
the backbone and bases of the duplexes to the overall deviations, the RMS deviations of the
same have been calculated (Table 1). The movement of the phosphodiester backbones of all
the systems is more than that of the bases as reflected in the higher deviations for the backbone
atoms. As expected, DD has a lower RMS deviation compared to the ideal B-form
conformation than the A-form. Similarly, RR has a low difference with respect to the ideal A-
form geometry. Interestingly, the RMS differences of both DR and RD with respect to the ideal
A-form geometry are 1.9 Å indicating A- like structure for both. However, the deviations with
respect to an idealized B-form structure are lower (3.6 and 3.4 Å for DR and RD, respectively)
than that of RR (4.9 Å) indicating mixed A-/B- like geometries for the hybrid duplexes. To
better understand the equilibrium between the A and B forms in the hybrids, additional analysis
of various local structural aspects of the oligonucleotides was undertaken (see below).

RMS fluctuations around the average structures over the final 9ns of the simulations were
computed for the individual strands and for the full duplexes (Table 2). There is a clear trend
showing the DD and RR duplexes to have the smallest and largest fluctuations, respectively.
The higher fluctuations of the RR duplex is consistent with experimental studies indicating
sub-millisecond base opening events in RNA that are not occurring in DNA based on NMR
imino proton exchange experiments54 and shown to occur in simulations of RNA duplexes
using CHARMM.55 Furthermore, surveys of crystal structures show the B-factors of RNA to
be systematically larger than in DNA for structures over a similar range of R factors.55,56

Concerning the hybrids, their flexibility is intermediate to that of DD and RR, with the DR
hybrid showing more flexibility than the RD with the differences occurring primarily in strand
I. Using 2-aminopurine as a probe, O’Niel and Barton observed increased fluorescence
intensities and reduced polarization in hybrid duplexes compared to DNA indicating that the
bases of the hybrids sample a larger conformational space compared to DNA.57 This
observation is consistent with the present results that the bases in the hybrids exhibit higher
RMS fluctuations than the pure DNA duplex (Table 2). Thus, there is increased flexibility upon
going from DNA to the hybrids and to RNA, with the effect being significantly damped in the
hybrid duplex when the composition of the RNA strand is dominated by purine bases. Notably,
the RD hybrid is more stable based on Tm data19 than the DR hybrid, which may be associated
with the decreased fluctuations of the former.

The higher flexibility of RR compared to the DNA duplex and the hybrids are in contrast to
the results obtained by Noy et al.41 As in the study by Noy et al.41 intramolecular entropies
were calculated based on Schlitter58 and Andricioaei-Karplus59 methodologies to further
investigate the relative flexibility of the species studied. The resulting trends in the flexibility
patterns computed (Figure S1 in supporting information) are consistent with the fluctuation
results. Thus, the present work indicates RNA and DNA•RNA hybrids to have greater local
flexibility than DNA, consistent with crystallographic, NMR and fluorescence experiments.
The contrast of the present results with those of Noy et al appear to be associated with the use
of the AMBER force field60,61 in that study versus the CHARMM27 force field in the present
work. Further studies are required to investigate this force field difference in greater detail.
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Base pairing
Base pairing and stacking are crucial for the structure and stability of nucleic acid duplexes.
Base pairing was investigated by analysis of Watson-Crick base pair distances and the
interaction energy between the two bases of any given base pair, and stacking was studied via
the calculation of inter and intra strand base-base interaction energies (see below). Probability
distributions of the N1-N3 distances of the central eight Watson-Crick (WC) base pairs are
provided in the supporting information (Figure S2). All the histograms exhibit a sharp peak at
around 3 Å corresponding to the base paired states. However, an additional relatively smaller
peak is observed especially for the GC pairs of RR at around 5.5 Å corresponding to partially
base opened states. Previous MD simulations have shown this behavior to be consistent with
experiment and suggested that local opening events observed in RNA contribute to their
conformational heterogeneity.55 The base pair interaction energies were calculated for the
central eight base pairs (Table 3). The base pair interaction energies of GC, AT and AU are
approximately −22, −7 and −9.5 kcal/mol respectively in DD, DR and RD, and are in good
agreement with the corresponding interaction energies of the optimized base dimers.43 Local
base opening events observed via the base pair distances are also seen in the reduced base
pairing interaction energies of the GC base pairs in RR and its larger fluctuations are
demonstrated by the standard errors; as previously suggested55 the CHARMM force field may
overestimate the opening of GC pairs in RNA. The average interaction energies over all base
pairs are also given; interestingly those energies are inversely correlated with the observed
thermodynamic stability of the duplexes,19 such that the most thermodynamically stable
duplex, RR, has the least favorable average base pair interaction energy.

Stacking interactions
Intra strand, inter strand and overall base stacking interaction energies are given in Table 4.
For individual base interaction energies and error analysis see Table S1 in the supporting
information. Intrastrand stacking interaction of a given base is the interaction energy of the
base with the adjacent bases (i.e. stacking partners) on both the 5’ and 3’ side on the same
strand. Similarly, interstrand interaction is the interaction energy between a given base and the
stacking partners of its WC base pair partner on the complementary strand. Overall stacking
interaction includes the stacking partners on both strands (Figure 2). In all the cases, the
intrastrand interaction energies in the purine rich strand are considerably more favorable as
compared to the pyrimidine rich strand. This is consistent with the known fact that the stacking
interactions between purines are more favorable compared to purine-pyrimindine interactions
or interactions between two pyrimidines.62 The interaction energies are more favorable in
DD compared to the hybrid structures and RR has the least favorable intrastrand interaction
energies. As explained above, the reduced favorable interaction energies in RR is related to
the local base opening events. As expected the interstrand interactions are much less compared
to the intrastrand interactions. Clearly, the stacking interaction energies show no correlation
with stability, though the least favorable stacking occurs in RNA, the most thermodynamically
stable of the duplexes studied.

Backbone dihedral angles
An A-form duplex can readily be differentiated from a B-form duplex via their phosphodiester
backbone dihedral angles and the (deoxy)ribose puckering angles. The histograms for the α
(P-O5'), β (O5'-C5'), γ (C5'-C4), ε (C3'-O3'), ζ (O3'-P) and χ (C1'-N9 for purines and C1'-N1
for pyrimidines) dihedral angles for DD and RR, and for the individual strands of the hybrid
duplexes are depicted in Figure 3. The distributions calculated for these dihedral angles
compare well with the dihedral angles from the experimental NMR structures (Figures S3–S6
in supporting information). No substantial differences in the α, β and γ dihedral angle
distributions among the RNA and DNA strands are observed and the histograms are consistent
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with the previously reported crystal survey data.43 However, the probability distributions of
ε, ζ and χ demonstrate interesting conformational variations in the hybrid duplexes. NMR
studies have demonstrated that DNA undergoes conformational transitions between the lower
energy BI and higher energy BII conformations. The ε and ζ distributions indicate short lived
BII type conformations in addition to predominant BI geometry for DD and the DNA strand
of DR; however, the DNA strand in RD does not sample BII type conformations in the MD
simulations but exists primarily in BI and A like geometries. A-form characteristics of the DNA
strand in RD are also seen in the distribution of the χ dihedral angle. The backbone of the RNA
duplex and the RNA strand in RD sample only local minima exhibiting one peak for the
distributions of the dihedral angles corresponding to the A-form geometry. However, the RNA
strand of DR samples a larger range of conformational space shown by two distinct peaks for
ε and broadening of the peak towards that observed in the DNA strands for ζ.

North vs. south conformation of the ribose/deoxyribose rings
Typically, the sugar pucker is in the south and north conformations in DNA and RNA duplexes,
respectively. Evaluation of phase angle along the time series for the structures considered here
was done to understand the puckering of the ribose/deoxyribose rings. The histograms of the
phase angle along with the experimental values are depicted in Figure 4. In general, the
computed results are in very good agreement with the experimental data except for a slight
shift in the DNA histograms. This may be due to the limitations in the NMR restraint data used
during the structure determination, including the use of the AMBER force field61 for structure
refinement. The distribution for DD is typical of B-form DNA with the south conformation
corresponding to the C2'-endo (south puckering) highly populated and minor sampling of
O4'-endo (east) and C3'-endo (north) conformations. Similarly, the DNA strand in DR samples
primarily south puckers. The riboses in the RNA strands in the hybrids and the RNA duplex
are completely in the north conformation (C3'-endo) with almost no sampling in the other
regions. The probability for the phase angle in the DNA strand of RD provided a different
scenario altogether. Two distinct peaks of almost similar area are observed corresponding to
the north and south conformations. This further indicates that the pyrimidine rich DNA strand
in RD assumes the A-form as much as it exhibits B-form characteristics. Thus, the pyrimidine
rich DNA strand in RD is more stabilized in the A-form relative to the B-form as compared to
duplex DNA due to the purine rich RNA complimentary strand. To understand the north-south
puckering switch at the nucleotide level, the percentage of north and south puckering of each
of the sugar moieties are tabulated in Table S2 in supporting information. Interestingly, the
purine rich DNA strand in DR samples north-puckered sugar conformation less compared to
the pyrimidine rich DNA strand in the pure DNA duplex itself. This is consistent with
observations that cytosines favor A form conformations more than other bases.43 Almost all
the nucleotides in the pyrimidine rich DNA strand in RD exist in both the north- and south-
sugar conformation. Notable is that the central cytosine of the TCT sequence in the DNA strand
seems to favor the north-pucker compared to the others.

In combination the backbone dihedral and sugar pucker dihedral distributions present a
consistent picture. In both hybrid structures, the pyrimidine strands display transitions between
the A and B conformations and it is evident that the purine rich strand strongly influence the
conformation of the overall structure of the hybrid duplexes. However, this effect is more
pronounced when the purine rich strand is comprised of RNA.

A- vs. B- form in individual strands in hybrid structures
Based on the probability distributions of the backbone dihedral and phase angles as well as the
RMS deviations (Table 1) it is clear that DD is in the B form, RR is in A form and the hybrids
are in between, but closer to the canonical A form. It is also obvious that RD is closer to the
A form than DR, because of the ability of the DNA strand to more readily adopt an A-like
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geometry when it is composed of pyrimidine bases. In both the structures, the RNA strands
behave very much like RNA in the pure duplex except for the broadening of the peaks
corresponding to ε and ζ distributions in DR. The DNA strand retains a B-like conformation
when it is purine rich (DR) and adopts a mixed A-/B- form when it is pyrimidine rich and
paired with a complimentary purine rich RNA strand. Therefore, in a given hybrid structure,
there is a competition between the DNA and RNA strands to retain their B- and A- like
conformation leading to a mixed A-/B- form duplex. While the RNA strand, to a greater extent,
is successful in maintaining the A-form irrespective of the sequence, on the other hand the
pyrimidine rich DNA strand is unable to retain the B-form characteristics as a whole. These
results indicate the dominance of the RNA strand followed by the purine rich strand of DNA
in dictating the conformational properties of the hybrid structures.

Minor groove widths
RNase H does not recognize a specific sequence in DNA•RNA hybrids in order to bind to them
and cleave the RNA strand. It was proposed that it identifies hybrid structures from RNA
duplexes based on the fact that DNA•RNA hybrids exhibit narrow minor grooves.1 The
probability distribution of the minor groove widths calculated using the Curves program53 are
shown in Figure 5. Consistent with previous studies, the minor groove widths of the hybrid
structures are between that of the DNA and RNA duplexes.1,29,41,63 The minor groove width
of DNA is around 2.5 Å narrower than the hybrids while in RNA it is around 0.6 Å wider than
the hybrids, with significant overlap of the hybrid and RR distributions present. For both hybrid
structures, the highest population is observed at a minor groove width of approximately 9.7 Å
although the shape of the curves for DR and RD differ significantly. These results indicate that
the difference between the minor groove widths of the hybrid structures and the RNA duplex
is small suggesting that the differentiation of hybrid structures from pure RNA duplexes by
RNase H is not solely based on the minor groove width.41

Helical properties
In addition to the backbone dihedral angles and the sugar puckering phase angle, helical
parameters have been very valuable in defining the geometry of nucleic acid duplexes.64–66

Accordingly, the structural differences between the hybrid structures and the pure DNA and
RNA duplexes were further investigated via calculation of the local inter base pair helical
parameters such as shift, slide, rise, tilt, roll and twist (Table 5). The translational movements
of the base pair along the helical axis, towards the grooves, and towards the backbone of the
nucleic acid are defined by the shift, slide and rise parameters, respectively. These displacement
parameters obtained for DD and RR are in good agreement with the values calculated for
canonical B and A forms of the same sequence, respectively. Slide is the translational parameter
evaluating the displacement of the base pair perpendicular to the helical axis towards the
grooves. The value for the slide parameter seems to gradually decrease with the increase in the
A form character indicating the movement of the bases towards the minor groove. Distance
between the two planes formed by adjacent base pairs is given by the rise parameter. Near
quantitative agreement of the computed rise values of DD and RR are obtained in comparison
to the corresponding values for the canonical B and A forms. Interestingly, the hybrid structures
have a higher rise by about 0.2–0.3 Å compared to the pure duplexes (The average rise values
for the hybrid in the experimental structure complexed to RNase H is 3.44 Å; and for DD, DR,
RD and RR the NMR experimental values are 3.0, 3.1, 3.2 and 3.0 Å respectively). In spite of
the larger rise values in the hybrid structures, the stacking interaction energies are significantly
more favorable than in RNA duplex. Base opening events occurring in the RNA are suggested
to be responsible for the less favorable stacking interactions, which is also observed in the
reduced twist values and increased base pair distances (see above) in RR. The deviations of
the tilt and twist values of RR compared to that of the A-form geometry are also traced to the
base opening events occurring in the RNA duplex. The helical parameters, mainly slide, rise,

Priyakumar and MacKerell Page 7

J Phys Chem B. Author manuscript; available in PMC 2010 May 11.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



roll and twist, are unique in the hybrid forms compared to the pure nucleic acid duplexes.
Hence, in addition to the intermediate minor groove widths observed for the hybrid structures,
the hybrid structures are differentiated from DD and RR by a higher rise and intermediate slide,
roll and twist parameters. Given that a large rise value is observed in the present calculations
as well as in the crystal structure of the complex, it is suggested that rise plays an important
role in the interaction of hybrids with RNase H.

Solvation of the nucleic acids
Solvation of nucleic acids contributes substantially to their structure and energetics.67 To
understand the solvation patterns around the hybrid duplexes in comparison to the pure DNA
and RNA structures, the solvent accessible surface areas (SASA), hydration numbers and the
solvent-oligonucleotide interaction energies were calculated (Table 6). Radial distribution
functions were also computed for the duplexes and they are very similar for all the duplexes
(Figure S7). The SASA and hydration numbers are consistent with one another and reveal that
the RNA is the most solvated followed by the hybrid structures and the DNA duplex is the
least hydrated. The ordering is consistent with the presence of the 2'-hydroxy groups in the
RNA strands. Notable is the significantly more favorable overall solvation of RR versus the
hybrids were a difference of approximately −240 kcal/mol is calculated whereas upon going
from the hybrids to DD the difference is approximately 45 kcal/mol. These results indicate that
the desolvation penalty upon RNase H binding will be less for the RNA strand in the hybrids
versus that in RNA duplexes, suggesting that desolvation effects may contribute to the inability
of RR to act as substrate of RNase H.

Analysis of the solvation parameters of the backbones and the bases indicate that the change
in the solvation in the structures includes contributions from solvation of both regions. The
major grooves of the duplexes are consistently more solvated than the corresponding minor
grooves based on the SASA and hydration numbers. Of note are the SASA and hydration
numbers of the minor grooves of the hybrids indicating that DR is more solvated than RD. The
X-ray crystal structure of RNase H bound to a DNA•RNA hybrid shows that the minor groove
and the backbone of both strands in the duplex bind directly to the protein, with no direct
interaction between RNase H and the major groove of the duplex.1 While the more favorable
solvation of the minor groove of DR would increase the desolvation penalty for RNase H-
hybrid complex formation, it may also indicate the potential for the DR minor groove to interact
more favorably with RNase H, contributing to it being a better substrate for the protein than
RD. Supporting this notion is that the overall solvation energies of the two hybrids are nearly
identical.

RNase H activity and stability of the hybrids
Experimental studies have shown that RNase H binds to hybrid duplexes and cleaves only the
RNA strand. Notably, hybrids in which the RNA strand is purine rich are known to be resistant
to RNase H hydrolysis. In addition, some RNA duplexes bind to RNase H, but the enzyme
degrades neither of the strands of the RNA. The inability of the enzyme to bind DNA duplexes
is easily understood based on vast structural differences between the B-form geometry adopted
by DNA and the A-form conformation. In addition, DNA lacks the 2'-hydroxyl group which
plays a key role in substrate recognition.1,14 However, the differentiation of hybrid duplexes
from the RNA structures to selectively degrade the RNA strand only in the hybrid structures
by RNase H is not well understood. Various factors were proposed that could possibly be
influencing the selectivity of hybrid structures versus the pure RNA duplexes. These include
narrower minor groove width 20,29 and increased flexibility of the hybrid14,41. The present
results are consistent with a contribution from a narrower minor groove; however, the hybrids
show decreased flexibility compared to the RNA duplex, arguing against that phenomenon.
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Analysis of the experimental structure of the RNase H-substrate complex indicates that one of
backbone phosphate moieties of the DNA strand occupies the sulfate ion binding site found in
the apoprotein.68 Binding of the DNA strand into this site resulted in a still narrower minor
groove width and the distortion of the backbone phosphodiester dihedral angles. The largest
distortions occur with the α, γ and ζ dihedral angles of the backbone vicinal to the sulfate
binding site, which deviate by about 180° from their canonical values.1 The probability
distributions of the α, γ and ζ backbone dihedral angles along with the dihedral angles of the
hybrid structures bound to RNase H from the X-ray crystal structure data are depicted in Figure
6. For α in the vicinity of the sulfate binding site of RNase H in the crystal structure it deviates
from its typical value of ~300° by more than 150° (Figure 6a). Both the hybrid DNA strands
sample conformations corresponding to these distorted forms even in the absence of the protein.
Interestingly, sampling of this range of α by DR is found to be more than that of RD, which
could contribute to the hybrids with purine rich RNA strands being more resistant towards
RNase H activity. Similarly, with γ, conformations not typically sampled by this dihedral are
present in the hybrid-RNase H crystal structure (Figure 6c and 6d). These regions, including
that >240° are sampled by the hybrid DNA strands (Figure 6c). For γ in the RNA strands (Figure
6d) sampling of non-typical γ values is observed in the crystal structures, with this region being
sampled to a reasonable extent in RR as well as the two hybrids. In the case of ζ (Figure 6e)
non-canonical conformations are observed in the vicinity of 60° in the DNA strand. Sampling
of this region occurs to a small extent, with the largest amount occurring with DR, which may
further favor this hybrid being a substrate for RNase H over RD. Thus, the ability of the DNA
strands in the hybrid structures to sample non-canonical backbone conformations is suggested
to contribute to the differentiation of hybrids from RNA by the enzyme. Interestingly, this
sampling is largest in DR, potentially contributing to the hybrid with a purine rich DNA strand
being favored as a substrate over that with a purine rich RNA strand. It is to be noted that the
sampling of backbone conformations observed in the RNase H-substrate complex by the DNA
strands in the hybrids while this is not occurring in the RNA duplex is not reflected in the RMS
fluctuations and the intramolecular entropy calculations (Table 2 and Figure S1 of the
supporting information). This indicates that the relationship of the flexibility to the range of
conformational sampling is not direct, with multiple factors contributing to the overall
flexibility of a system.

The probability distributions of the remaining phosphodiester backbone dihedral angles were
also compared with the dihedral angles of the x-ray crystal structures of the hybrid structures
bound to the protein (Figures S8–S11, supporting information). In the crystal structures only
conformations observed in canonical structures are observed with the only variation being seen
with ε in the DNA strands. The distributions of the backbone dihedral angles of the both the
DNA and RNA strands of both the hybrids and the pure duplex are very similar in all cases,
encompassing the values of the respective dihedrals observed in the crystal structure.

Conclusions
MD simulations were performed on hybrid duplexes and pure RNA and DNA duplexes sharing
the same sequence to understand the structure-energy relationships in hybrid structures and to
investigate the structural determinants for RNase H binding/activity. Excellent agreement
between the computational results and experimental data are obtained for the structural
features. The RMS differences in reference to the experimental NMR structures are about 2 Å
or less indicating good agreement and point to mixed A-/B- like structures for the hybrid
duplexes. Clearly, the CHARMM27 all atom nucleic acid force field, which was originally
parameterized based on data from canonical nucleic acids, performs quite satisfactorily in
representing the noncanonical hybrid structures. Phosphodiester backbone dihedral angle and
sugar puckering phase angle probability distributions indicate interesting A-B conformational
transitions in the hybrid structures. While the purine rich DNA and RNA strands of the hybrids
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exhibit pure B- and A- form conformational characteristics, the pyrimidine rich DNA strand
in RD samples conformations corresponding to both B- and A- like geometries almost to an
equal extent. However, the pyrimidine rich RNA strand in DR exists primarily in A-form, but
samples a larger conformational space compared to the purine rich RNA strand in RD and in
the pure RNA duplex, RR indicating that the structure and dynamics of the hybrid structures
are dictated by the RNA strands followed by the purine rich strands.

Increased conformational flexibility of hybrids versus RNA has previously been suggested to
contribute to RNase H activity.14,41 In the present study, DNA was found to have the least
local flexibility followed by the hybrids with RNA having the greatest local flexibility based
on both RMS fluctuations and intramolecular entropy calculations (Table 2 and Figure S1).
The increased flexibility of the hybrids over DNA is consistent with fluorescence
measurements 57 and the increased local flexibility of RNA over DNA is consistent with NMR
imino proton exchange 54 and survey data on B factors from crystal structures on RNA versus
DNA.55,56 The increased flexibility of RNA over DNA is consistent with the relative base
pairing and stacking energies (Tables 3 and 4), though the hybrids pairing and stacking
interaction energies are similar to or greater than that of DNA, though the former is more
flexible. Thus, the present results are consistent with experimental studies though in contrast
to previous simulation studies. These differences indicate that the flexibility of DNA and RNA
as well as of the hybrids is complex, as previously discussed56, and emphasizes that further
studies are required to better understand this important property.

The two hybrid duplexes (DR and RD) exhibit minor grooves that are in between the minor
groove widths of DNA and RNA structures. There exists substantial overlap between the minor
groove width distribution curves of RNA and the hybrids precluding the possibility of RNase
H recognizing hybrid duplexes solely based on minor groove width. The hybrid structures are
also characterized by a higher rise parameter and intermediate slide, roll and twist values
compared to DNA and RNA. Investigation of the available X-ray crystal structures of hybrids
bound to RNase H indicate that the α, γ and ζ dihedral angles in the DNA strand vicinal to the
sulfate binding site on RNase H vary by more than 100° from canonical values. Comparison
of the experimental values of the dihedral angles with the probability distributions from MD
simulations reveal that conformation corresponding to the distorted backbone are sampled by
the DNA strands in the hybrid structures in the absence of protein. The pure RNA duplex on
the other hand does not sample these conformations that may be essential for RNase H binding
and catalysis. Interestingly, the probability of DR sampling the distorted backbone conformers
is found to be higher than that of RD, possibly explaining the resistance of hybrid duplexes
containing purine rich RNA strand towards RNase H activity. In addition, the solvation of the
hybrids differs with the bases in DR being significantly more solvated than in RD, while the
opposite is observed with the backbone. Such differential solvation may also contribute to the
relative binding of these hybrids to RNase H. Hence, the pyrimidine-purine base composition
seems to tailor the biochemical susceptibility of a hybrid structure towards RNase H activity.
Overall, a combination of factors including a narrow minor groove width, increased rise,
desolvation effects, and increased conformational sampling of the phosphodiester backbone
of the DNA strand in the hybrids are proposed to affect the RNase H binding.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
DNA (DD), RNA (RR) and the two hybrid (DR and RD) duplexes considered in this study.
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Figure 2.
Schematic representation of the protocol used for the calculation of intrastrand (a), interstrand
(b), and overall (c) stacking interactions of a given base (e.g. S1-B2 in the present example).
(a) Interaction energy of S1-B2 with S1-B1 and S1-B3 is the intrastrand interaction energy;
(b) interaction energy of S1-B2 with S2-B1 and S2-B3 is the interstrand interaction energy and
(c) the overall interaction energy of S1B2 is computed as the interaction between S1-B2, and
S1-B1, S1-B3, S2-B1 & S2-B3.
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Figure 3.
Probability distributions of the backbone dihedral angles of the duplexes of the pure DNA and
RNA structures, and those of the individual strands of the hybrid structures considered in this
study. DD in black, DNA strand of DR in red, DNA strand of RD in green, RNA strand of
DR in blue, RNA strand of RD in violet and RR in magenta.
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Figure 4.
Probability distributions of the phase angles of the ribose/deoxy ribose in the pure DNA and
RNA duplexes and in the individual strands of the hybrids. See each figure for color codes.
Phase angles of more than 300° were offset by 360° for the convenience of presentation.
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Figure 5.
Probability distributions of the minor groove widths of the duplexes considered in the study.
Phosphorous atoms are used to define the backbone splines while calculating the minor groove
widths. The distributions of DD, DR, RD and RR are given in black, red, green and blue solid
lines respectively.
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Figure 6.
Probability distributions of the α (a and b), γ (c and d), and ζ (e and f) phosphodiester dihedral
angles of the duplexes. (a), (c) and (e) represent the DNA duplex and the DNA strands of the
hybrids structures, and (b), (d) and (f) correspond to the RNA duplex and the RNA strands of
the hybrids. The experimental values of the dihedral angles of the hybrid duplexes bound to
the RNase H from the X-ray crystal data are also given for comparison (vertical lines in
magenta). For the other dihedral angle plots, see Figures S8–11 in supplementary material.
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Table 1

Average root mean square deviations (RMSD) for the central eight nucleotides (a), the backbone (b) and the
bases (c) of the duplexes compared to the NMR, X-Ray, canonical A-form and B-form structures over the last 9
ns of the simulation.

NMR X-Ray A-form B-form

(a) Overall

DD 1.49 ± 0.01 - 3.67 ± 0.05 1.76 ± 0.05

DR 1.85 ± 0.04 - 1.90 ± 0.03 3.63 ± 0.05

RD 1.30 ± 0.02 1.58 ± 0.04 1.91 ± 0.05 3.38 ± 0.05

RR 2.08 ± 0.12 - 2.03 ± 0.16 4.87 ± 0.10

(b) Backbone

DD 1.76 ± 0.01 - 4.36 ± 0.06 2.16 ± 0.05

DR 2.14 ± 0.05 - 2.21 ± 0.03 4.32 ± 0.06

RD 1.55 ± 0.03 1.75 ± 0.04 2.26 ± 0.06 4.02 ± 0.06

RR 2.35 ± 0.14 - 2.25 ± 0.18 5.68 ± 0.13

(c) Bases

DD 1.06 ± 0.02 - 2.59 ± 0.04 1.08 ± 0.04

DR 1.29 ± 0.03 - 1.30 ± 0.03 2.48 ± 0.04

RD 0.87 ± 0.01 1.26 ± 0.03 1.32 ± 0.05 2.36 ± 0.04

RR 1.58 ± 0.10 - 1.58 ± 0.11 3.49 ± 0.07

Errors represent the standard error of the mean that was calculated from the block averages of 1 ns windows.
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Table 2

RMS fluctuations (Å) of non-hydrogen atoms of strand I, strand II and the full duplexes. RMS fluctuations
calculated following alignment of the structures from the trajectories with respect to the reference NMR structure.

DD DR RD RR

Strand I 0.80 1.09 0.81 1.37

Strand I – backbone 0.95 1.31 0.91 1.45

Strand I – base 0.64 0.86 0.68 1.27

Strand II 0.82 0.99 0.94 1.49

Strand II – backbone 0.95 1.07 1.07 1.53

Strand II – base 0.65 0.87 0.77 1.44

Strand I & II 0.81 1.04 0.87 1.43

Strand I & II – backbone 0.95 1.19 0.99 1.49

Strand I & II – base 0.65 0.86 0.73 1.36
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Table 3

Base pair interactions obtained for the central 8 base pairs of the duplexes averaged over the final 9 ns. The errors
given are the standard error of the mean calculated from the averages of 1 ns windows.

Base Pair DD DR RD RR

A2-T9 −7.1 ± 0.0 −9.4 ± 0.0 −6.9 ± 0.0 −6.8 ± 0.9

A3–A8 −7.1 ± 0.0 −9.6 ± 0.0 −7.1 ± 0.0 −9.6 ± 0.0

G4-C7 −22.0 ± 0.0 −21.3 ± 0.1 −21.6 ± 0.0 −14.0 ± 2.0

A5-T6 −7.3 ± 0.0 −9.4 ± 0.1 −7.3 ± 0.0 −9.5 ± 0.0

G6-C5 −21.8 ± 0.0 −21.5 ± 0.1 −21.6 ± 0.0 −16.9 ± 1.7

A7-T4 −7.1 ± 0.0 −9.5 ± 0.0 −7.0 ± 0.0 −9.5 ± 0.1

A8-T3 −7.2 ± 0.0 −9.5 ± 0.0 −7.1 ± 0.0 −9.6 ± 0.0

G9-C2 −22.1 ± 0.0 −22.2 ± 0.2 −21.5 ± 0.0 −19.5 ± 0.9

Average −12.7 −14.0 −12.5 −11.9
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Table 4

Intra, inter and total stacking interactionsa in kcal/mol averaged over the final 9 ns of the simulations.

DD DR RD RR

Intra strand

Strand I −20.6 −17.7 −17.6 −15.0

Strand II −8.1 −6.2 −7.1 −4.4

Strand I & II −28.7 −23.9 −24.7 −19.4

Inter strand

Strand I −0.3 −3.4 −3.7 −2.6

Strand II −0.2 −3.4 −4.1 −2.9

Strand I & II −0.5 −6.8 −7.8 −5.5

Overall stacking

Strand I −20.9 −21.1 −21.3 −17.6

Strand II −8.3 −9.5 −11.2 −7.2

Strand I & II −29.2 −30.6 −32.5 −24.8

(a)
Given values are calculated as the average of the interaction energies of the six central bases in each case. For the individual interaction energies

and error analysis please see Table S1 in supplementary material.
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Table 6

Solvent accessible surface areas (SASA), hydration numbers and solvation energies of the nucleic acid duplexes,
the backbone and the bases averaged over the final 9 ns of the simulation.

DD DR RD RR

SASA

Strand I&II 2929.8 ± 2.2 2929.6 ± 2.7 2931.6 ± 4.7 2978.8 ± 11.8

Strand I&II – backbone 2402.1 ± 0.8 2427.1 ± 1.4 2408.6 ± 1.6 2414.6 ± 4.5

Strand I&II – base 527.7 ± 2.0 502.5 ± 2.6 523.1 ± 4.0 564.1 ± 12.6

Major groove 172.5 ± 1.1 234.1 ± 1.8 223.9 ± 2.2 306.3 ± 9.8

Minor groove 101.3 ± 1.6 136.9 ± 1.8 106.8 ± 0.8 132.2 ± 3.1

Hydration number

Strand I&II 171.0 ± 0.2 179.7 ± 0.2 175.8 ± 0.4 187.8 ± 0.7

Strand I&II – backbone 142.3 ± 0.1 146.3 ± 0.1 144.6 ± 0.2 150.3 ± 0.2

Strand I&II – base 49.3 ± 0.1 52.6 ± 0.2 49.6 ± 0.3 57.8 ± 0.9

Major groove 19.9 ± 0.1 22.2 ± 0.1 23.0 ± 0.1 28.6 ± 0.7

Minor groove 19.4 ± 0.1 20.1 ± 0.1 18.2 ± 0.1 20.3 ± 0.3

Solvation energy

Strand I&II −3930.5 ± 5.6 −3973.8 ± 6.5 −3977.0 ± 5.6 −4220.4 ± 24.7

Strand I&II – backbone −3643.5 ± 4.6 −3775.2 ± 7.5 −3840.8 ± 5.4 −4051.9 ± 14.6

Strand I&II – base −287.0 ± 5.7 −198.6 ± 4.5 −136.1 ± 6.6 −168.5 ± 11.8
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