
Structural Basis of the RNase H1 Activity on Stereo Regular
Borano Phosphonate DNA/RNA Hybrids

Christopher N Johnson1, Alexander M. Spring1, Barbara R. Shaw3, and Markus W.
Germann1,2

1 Department of Chemistry, Georgia State University
2 Department of Biology and the Neuroscience Institute, Georgia State University
3 Department of Chemistry, Duke University

Abstract
Numerous DNA chemistries have been explored to improve oligodeoxynucleotide (ODN) based
RNA targeting. The majority of the modifications render the ODN/RNA target insensitive to
RNase H1. Borano phosphonate ODN’s are among the few modifications that are tolerated by
RNase H1. To understand the effect of the stereochemistry of the BH3 modification on the nucleic
acid structure and RNase H1 enzyme activity we have investigated two DNA/RNA hybrids
containing either a RP or SP BH3 modification by NMR spectroscopy. TM studies show that the
stability of either RP or SP modified DNA/RNA hybrids are essentially identical (313.8 K) and
similar to an unmodified control (312.9 K). The similarity is also reflected in the imino proton
spectra. In order to characterize such similar structures, a large number of NMR restraints
(including dipolar couplings and backbone torsion angles) were used to determine structural
features important for RNase H1 activity. The final NMR structures exhibit excellent agreement
with the data (total RX values < 6.0) with helical properties between those of an A and B helix.
Subtle backbone variations are observed in the DNA near the modification, while the RNA strands
are relatively unperturbed. In case of the SP modification, for which more perturbations are
recorded, a slightly narrower minor groove is also obtained. Unique NOE base contacts localize
the SP -BH3 group in the major groove while the RP -BH3 group points away from the DNA.
However, this creates a potential clash of the RP -BH3 groups with important RNase H1 residues
in a complex while the SP -BH3 groups could be tolerated. We therefore predict that based on our
NMR structures a fully RP BH3 DNA/RNA hybrid would not be a substrate for RNase H1.

With the advent of antisense technologies over a decade ago, a number of approaches have
been developed for the regulation of gene expression through inhibition via the introduction
of a short, RNA complementary DNA oligonucleotide (ODN) and the potential ribonuclease
H (RNase H1) mediated degradation of the RNA strand (1, 2, 3). The challenges with this
technique range from increasing the inherently low lipophilicity of the ODN to its
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degradation by nucleases. Many DNA modifications have been developed in an attempt to
circumvent these undesirable properties, which have unfortunately been found to create their
own sets of issues; one of the biggest being the inability to activate RNase H1. To overcome
this, many types of modifications have been explored (methylphosphonates, 2′
modifications, locked nucleic acids, peptide nucleic acids, and morpholino substitutions
among others). While the target affinity has been greatly increased for some of these
modifications (PNA and morpholino substitutions, for instance) the resulting hybrids are not
substrates for RNase H1 (4, 5, 6).

Although binding of an ODN to the mRNA may still silence a gene, RNase H1 activity of an
ODN is deemed desirable because it allows a single ODN to mediate the destruction of
multiple RNA targets (7). A recent structure of the human RNase H1 in complex with a
DNA/RNA duplex has provided insight into the binding process and substrate
conformations involved in binding (8). This has sparked a renewed interest in RNase H1
activity and substrate specificity.

Only a few ODN modifications are able to preserve RNase H1 activity (i.e.
phosphorothioate, phosphorodithioate, arabinonucleic acids, and boranophosphates) (9, 10,
11) (12). The phosphorothioate diester linkage maintains a pseudo-isoelectronic and
isosteric character with a phosphodiester linkage, is relatively easy to synthesis and
maintains canonical sugar and base moieties, but it creates a chiral center at the phosphate
linkage. This modification has been found to permit RNase H1 activity yet is resistant to
nuclease degradation, but suffers from toxicity at higher concentrations, non specific
interactions with many cellular components and poor RNA binding (6). Most other
backbone modifications, including methylphosphonates, are not substrates for RNase H1
(3).

Aside from the phosphorothioate, the borano phosphate modification (insertion of a BH3
group in place of a non-linking oxygen) has also been shown to maintain RNase H1 activity.
Further, it increases lipophilicity while maintaining binding to the targeted mRNA and
exhibits a relatively low toxicity. The borano modification has an isosteric relationship with
the methylphosphonate group, but maintains a negative charge and is isoelectronic with the
oxygen of the phosphodiester group. Coupled with a minimal toxicity, the borano phosphate
diester linkage continues to show promise (13,14, 15).

Similar to the phosphorothioate modification, the introduction of the borano group creates a
chiral center at the phosphorus (Figure 1). Stereoregular studies of phosphorothioate
linkages revealed that RNase H1 activity is modulated based on the stereochemistry with the
RP isomer (the sulfur pointing towards the helix) retaining RNase H1 activity while for the
SP isomer the enzymatic activity is reduced as compared to the natural phosphodiester
linkage (16). Previous studies have shown that a fully Sp stereo-specifically modified borano
phosphate (borano group pointing towards the helix) containing oligonucleotide retains
RNase H1 activity (15). * To date, RP ODN’s containing a fully modified backbone have not
been studied because such ODN’s cannot be enzymatically generated and have to be
chemically synthesized (15, 17).

Here, we report the high resolution NMR solution structures of two DNA/RNA duplex
nonamers containing either a single SP or RP borano phosphate modification. This represents
the first detailed fine structural analysis of stereo-regular borano phosphate modifications. In
conjunction with a recently solved crystal structure of human RNase H1 in complex with a

*The stereochemistry of phosphorothioate RP is equivalent to borano phosphate SP due to the lower priority of boron as compared to
oxygen and sulfur.
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DNA/RNA duplex, we provide a rational for why the SP hybrid is a substrate for the enzyme
while we predict that the RP hybrid is not (8).

Materials and Methods
The DNA oligonucleotides were synthesized containing a single stereo specific modification
(replacement of a non-bridging phosphodiester backbone oxygen with BH3 group) at T5-P-
G6 as previously described (18, 19). Oligonucleotides were purified and characterized by
anion exchange, reverse phase chromatography, and mass spectroscopy. The
stereochemistry of the borano phosphonate linkages were confirmed by snake venom
digestion as described previously (20). DNA/RNA duplexes were prepared using extinction
coefficients derived from the sum of mononucleotides (absorbance at 260 nm, 80°C, in 10
mM sodium phosphate) as described previously (21). For all NMR experiments, samples
were prepared in: 10 mM sodium phosphate, 50 mM NaCl, and 0.1 mM
Ethylenediaminetetraacetic acid (EDTA). Water samples (90/10 % H2O/D2O) were 80 μM
DNA/RNA duplex with a pH of 6.2, and samples in D2O were ~1.0 mM DNA/RNA duplex
with a pH* of 6.6. For residual dipolar coupling experiments, pf1 bacterial phage was
purchased from Asla and prepared as previously described (22). Prepared pf1 (~ 53 mg/ml)
was added to NMR samples in appropriate aliquots and a deuterium splitting of 20.8 Hz was
observed at 298 K.

Melting Temperature Studies
TM values were derived from a six parameter fit of UV melting curves for a series of
concentrations ranging from 5 μM–50 μM duplex. The enthalpy was obtained from the
concentration dependence of the TM values and entropy. TM (30 μM CT) and ΔS were
calculated using an equation for the biomolecular association of non-self complementary
strands as described previously (21).

NMR Spectroscopy
NMR experiments were performed on Bruker AMX 600 and Avance 600 spectrometers,
using a 5mm IDTG-600 triple resonance (Nalorac Corp) and broadband inverse Bruker
probe heads. Acquisition and processing parameters are similar to those described in earlier
studies (21) with the following variables; for experiments in D2O, NOESY spectra were
collected with mixing times of 50 ms, 150 ms, and 250 ms with an 8 sec delay to ensure
complete relaxation, 1H - 31P correlation (HPCOR) (23) spectra were strip transformed and
processed with a shifted sine bell multiplication in both dimensions (SSB = 2). For water
experiments, a 1-1 jump and return and a 1-1 jump and return NOESY with a 150 ms
mixing time were used with a 0.3 sec delay at 298 K and 280 K. Assignment and integration
of 2D spectra were done using SPARKY 3.33 UCSF (24). 1H and 31P were referenced to
internal DSS and external 85% H3PO4 (capillary in D2O). Constant time NOESY (CT
NOESY) experiments were collected using a 12 ms REBURP pulse to select the sugar H3′
region (25). Boron spectra were collected for 11B, (11B: spin 3/2, 80.42% natural abundance,
compared to 10B: spin 3, 19.58% natural abundance) and were referenced to an external
standard (0.80 M borate from tris borate EDTA, 298 K, pH = 8.36). Heteronuclear f2
coupled 13C - 1H HSQC spectra were recorded for sugars (13C range 65–105 ppm) and
bases (13C range 125–175 ppm) in the presence and absence of pf1 phage.

Starting Structures
Initial DNA/RNA hybrids were constructed using Amber 9.0’s NUCGEN (26). Using Xleap
with a modified parm99 force-field (added BH3 group), a non-bridging oxygen on the DNA
backbone between bases T5 and G6 was replaced by a borano (BH3) group to yield two
hybrids with a single RP or SP configuration. Sodium ions were added to neutralize the
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phosphodiester backbone and the systems were solvated with at least 8.0 Å from the edge of
the solute to the edge of a box with ~ 3200 TIP3P water molecules.

Briefly, the BH3 force field modification was constructed as follows; for the B-P distance
the empirically determined value of 1.91Å was used (27). This distance was found to be
reproducible using HF 6-31G* energy minimizations. Atomic point charges were derived
via an iterative process using Gaussian 03, the AMBER 9.0 RESP module, and the RED
program (28, 26, 29a,b). The RP and SP conformers utilize the same parameters with the
exception of the BH3 group placement. For more details on the derivation of the BH3 group
parameters see Supplemental Information 6.

Structure Determination
1H resonances were assigned via 2D 1H NOESY pathways with the assistance of TOCSY
and COSY spectra. 31P resonances were assigned based on HPCORR correlation
experiments. NOESY cross peak volumes were integrated in SPARKY using a Gaussian or
Sum Over Box method. A percentage error was manually assigned based upon the fit
residual & visual inspection of a projected cross slice overlaid with the integral trace. For
unresolved peaks, a Sum Over Box integration method was used and a higher percentage
error was assigned. Peak volumes for base H8 protons were manually scaled to correct for
exchange with the deuterated solvent based on the integration of a 1D 1H spectrum collected
with an 8 sec delay. Quantitative distance restraints were derived using an iterative
RANDMARDI procedure using COMRA, MARDIGRAS (30, 31) and AMBER 9.0 cycles,
as described previously (21). Rx values were calculated in CORMA using correlation times
(τC) 2.5 ns, 3.0 ns, 3.5 ns and 4.0 ns for base and sugar protons. The overall lowest values
were obtained for τC = 3.5 ns. DNA sugar pucker and pseudorotation angles were assessed
using a graphical method from the Altona lab (32). 3JH1′−H2′1, 3JH1′−H2′2, 3JH1′−H3′, Σ H1′
and Σ H3′ were measured from 31P decoupled low flip angle and DQF COSY experiments.
Pseudorotation angles were derived for the dominant form of each deoxyribose and
converted to torsion angle NMR restraints using the PUCKER script from Amber 9.0. Due
to extensive overlap at multiple temperatures, the sugar pucker at the core of the SP hybrid
(G4, T5, and G6) and RP hybrid (G3, G6) were estimated based upon 13C1′ chemical shifts in
conjunction with the analysis of the glycosidic torsion angle and base H6/H8 to sugar H3′
NOESY cross peak intensities.

Backbone ε torsion restraints were derived based on the ratio of peak heights from CT
NOESY experiments (31P coupled vs. decoupled) as described in (25). Broad backbone
torsion angle restrains for α, β, γ, and ζ, were generated for nucleotides having standard 31P
chemical shifts using values from Blackburn et. al. (33, 34).

Residual Dipolar Coupling (RDC) restraints were derived from 1J13
C-

1
H values measured in

the f2 dimension in presence and absence of pf1 (Δ1J13
C-

1
H values ranged from −14 Hz, +15

Hz). All RDC restraints were implemented at the end of the structure generation process by
initially minimizing the alignment tensor of the rigid hybrid, followed by fully restrained
minimization (rEM) of the whole system. Following RDC implementation, each system (RP
and SP hybrid) underwent a 6.0 ns fully restrained MD simulation with RDC alignment at
300 K. Snapshots were recorded 1/ps for the final 10 ps and individually minimized to all
restraints yielding a final bundle of structures. Final structures were selected based on
Amber energies, restraint violations, and residual dipolar coupling violations. RMSD was
calculated for heavy atoms using VMD 1.9. Structural features and helicoidal parameters
were measured using CURVES 5.1 (35, 36).
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Results
Thermodynamic Stability

UV melting curves of the modified DNA/RNA hybrids were unaffected by the orientation of
the BH3 group. Thermodynamic properties ΔG and TM were the same for the RP and SP
hybrids and were comparable to an unmodified DNA/RNA hybrid at similar conditions (21)
(Table 1). This indicates that neither orientation nor presence of a single BH3 modification
impacts the thermodynamic stability.

Base Stacking and Orientation
Chemical shifts (1H, 13C, 31P, and 11B) for the RP hybrid, SP hybrid, and unmodified control
are listed in Supporting Information 4.

Comparing the 1H chemical shifts to an unmodified DNA/RNA hybrid, both modified
hybrids have small differences at the center of the duplex, while the ends remain indifferent
to the presence of the BH3 modification as would be expected (Figure 2). Chemical shifts of
the Rp more closely resembled the unmodified control, with only a few variations for the
DNA sugars surrounding the modification (Δ Σ sugar 1H′s |, T5 0.32 ppm, G6 0.23 ppm)
(Figure 2). The Sp hybrid displays larger and more extensive chemical shifts differences in
the sugars (Δ Σ |sugar 1H′s |, G4 0.50 ppm, T5 0.54 ppm,) and bases (T5 H6 0.16 ppm) at the
5′ side of the DNA modification, with moderate differences extending into the RNA strand
(standard deviations were < 0.004 ppm) (Figure 2).

Complete base H8/H6 to sugar H1′ NOESY pathways for both modified samples support
normal base stacking (also supported by thermodynamic data) and are consistent with a right
handed duplex (37) (Supporting Information 1 a,b). NOESY cross peaks with unusual
intensities or exchange peaks were not observed among the base or sugar protons
demonstrating that the RP and SP modifications do not grossly perturb or induce multiple
conformations to the duplex.

Base Pairing
The presence of an imino proton peak generally results from a stable base pair formation. At
280 K we observe all nine imino proton peaks for both modified duplexes establishing that
the BH3 modification does not disrupt base pairing (Figure 2). Comparing the imino proton
chemical shifts to the control hybrid, the RP hybrid is again similar to the unmodified
control while the Sp modification shows a difference at the 5′ side of the DNA (Figure 2,
Figure 3).

Backbone
Unusual phosphorus chemical shifts are a likely indicator for abnormal torsion angles in the
nucleic acid helical phosphodiester backbone that may perturb the helical rise, roll, or twist
of a duplex (38). Comparing the phosphorus chemical shifts of a control hybrid with the RP
and SP modified hybrids, again the Rp hybrid displays less variation from the control (Figure
2). Similar to the trends of the 1H chemical shifts, the SP hybrid phosphorus chemical shifts
are more perturbed, predominantly on the DNA 5′ side of the modification with effects
extending into the RNA strand (c15-P-c16) (Figure 2). As expected, T5-P-G6 is shifted
downfield for both modified hybrids (Rp 94.00 ppm, SP 95.38 ppm) due to the BH3
modification (39) (Figure 4).

The 11B spectrum shows a broad peak (coupled to 31P and 1H) for both modified hybrids
(RP −41.43 ppm, SP −42.11 ppm) (Figure 5). Proton decoupling of the boron spectrum
reveals the boron phosphorus coupling (1JBP ~133 Hz) (Figure 5).
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Similarly, in the 1H spectrum a broad peak is observed for each hybrid from the BH3 methyl
group (RP 0.33 ppm, SP 0.42 ppm) (Figure 5). Decoupling 11B sharpens this peak to a
doublet (2JHP = 21.4 Hz) which facilitates the detection of NOE’s from the BH3 group to
nearby sugars and bases (Figure 6). The RP hybrid displays strong NOESY cross peaks to
the surrounding sugars while for the SP hybrid neighboring base contacts are also detected
(Figure 6).

The phosphodiester backbone torsion angle ε was determined for the DNA linkages using a
CT NOESY experiment (25). All DNA ε torsion angles were within a standard trans range
(−158° to −188°) consistent with B DNA helical values (34) (Supporting Information 2).
The ε torsion angles that could be determined for the RNA (−145° to −158°) were in line
with A type helical parameters.

Pseudorotation Analysis
DNA sugar conformation (expressed as fraction south, fS) was determined from coupling
constants 3JH1′−H2′1, 3JH1′−H2′2, 3JH1′−H3′, Σ H1′ and Σ H3′ (32). Due to extensive overlap
across a range of temperatures, the fS at the core of the SP hybrid (G4, T5, and G6) and G3,
G6 of the RP hybrid, was estimated based on 13C1′ chemical shifts in conjunction with
analysis of the glycosidic torsion angle and base H6/H8 to sugar H3′ NOESY cross peak
intensities (Supporting Information 6b,c).

The trends in fS for residues not flanking the modification mimic the unmodified control
hybrid (Supporting Information 3 and 6a). The RP hybrid more closely resembles the
unmodified control with moderate changes in the fraction south for G4 and T5. The SP
hybrid likely exhibits larger variations (lower fS) from the control at G4 and T5 based upon
the elevated 13C1′ chemical shifts and more intense base–H3′ cross peaks. (Supporting
Information 6a,c).

NMR Structure Determination
Both modified hybrid structures are highly restrained (~23 restraints/nucleotide) and exhibit
excellent agreement between theoretical and experimental data as evidenced from the low
CORMA total Rx values that are less than 6%. The final ensemble of 10 structures, sampled
at the end of a 6.0 ns rMD, yield a heavy atom RMSD below 0.35 Å (Table 2, Figure 7).
Amber distance violations were higher for the RP hybrid (103.9 kcal/mol) compared to the
SP hybrid (51.5 kcal/mol), this is largely due to a narrower average well width (0.47 Å vs.
0.64 Å) for the quantitative restraints (Table 2). For both structures the highest distance
penalty was observed for A1H8− A1H1′ (~8 kcal/mol) and is likely a result of mobility in
the adenosine base due to its location at the end of the duplex. All other distance penalties
were less than 5.0 kcal/mol (Table 2). Flat angle and torsion angle penalties were negligible
(total < 3.5 kcal/mol) for both structures. Residual dipolar coupling alignment data was fit to
both structures with excellent agreement, yielding a total alignment constraint of < 7.5 kcal/
mol (Table 2).

Analysis of the NMR Structures
The single BH3 DNA backbone modification does not grossly perturb either DNA/RNA
hybrid as compared to an unmodified DNA/RNA hybrid (40) (Figure 8, Supporting
Information 5). Both modified hybrids are fully base paired, right handed, and exhibit a
majority of A- type helical properties, similar to previously published DNA/RNA hybrid
structures (40) (21). All glycosidic bonds are in the anti conformation and the helical
parameters X-displacement, Y displacement, incline, rise, and twist, are intermediate of
canonical A and B helices with an emphasis towards the A helical form (Table 3,
Supplemental Information 5).
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Aligning the heavy atoms of the two hybrids (excluding the BH3 group) yields an RMSD of
1.19 Å. Figure 8. Qualitative distance restraints involving the BH3 group point the SP BH3
modification into the major groove while the RP group extends out from DNA backbone
(Figure 8a). On the 5′ side of the modification (bases G3, G4, and T5) the two structures
exhibit small differences in the base opening, buckle, and tilt, resulting in a slight bulge in
the SP DNA backbone (Figure 8b). This is also supported by trends in differences of
the 1H, 13C and 31P chemical shifts and the fact that the only substantial difference in
imino 1H shift between the two hybrids occurs at T5. The slight backbone deviation in the
SP hybrid narrows the apparent minor groove altering c16C1′ chemical shift by 0.8 ppm
(Figure 8b). The ends of the duplex as well as the RNA strands (RMSD of RNA 0.82 Å ) are
nearly identical between both modified hybrids and remain indifferent to the BH3
modification. (Figure 8a,b).

Discussion
RNase H1, an enzyme found in bacteria and humans, degrades the RNA strand of a DNA/
RNA hybrid duplex. Earlier studies attempted to utilize the enzyme as a means of regulating
protein expression (41, 42). It is now known that RNase H exists in two types (H1 and H2).
While RNase H1 may have potential use in gene regulation, unintentional interference with
RNase H2 can result in neurological disorders such as Aicardi-Goutieres syndrome (43).

Previous work from our laboratories has shown that a polynucleotide (15mer) DNA/RNA
hybrid containing fully stereo specific (Sp) BH3 modified DNA backbone linkages
maintains RNase H1 activity (14). Here we provide a rational why the BH3 stereo specific
SP hybrid is a substrate for RNase H1. Two DNA/RNA hybrid NMR solution structures
were determined utilizing a large number of restraints (Figure 1). This coupled with the low
RX values permits an analysis of possible fine structural details and subtle features that may
impact interactions with the enzyme. The single BH3 modification is minimally invasive to
the overall structure of the DNA/RNA hybrid, with only a slight bulge detected at the 5′ side
of the SP modification. Given the high degree of similarity between the structures and an
unmodified control, the question arises if they differ in their interaction with RNase H1.

RNase H1 contains two conserved nucleic acid binding domains. The DNA basic protrusion
assists in the initial binding of the substrate duplex. The phosphate binding pocket binds the
substrate, forms contacts along the DNA backbone and positions the duplex in order to place
the targeted RNA in the proper location for cleavage. RNase H1 is able to bind both DNA/
RNA and RNA/RNA duplexes, however RNA cleavage only occurs for the DNA/RNA
hybrid. The flexibility of the DNA strand permits a snug fit into the phosphate binding
pocket which enables the proper placement of the adjacent RNA target strand in the
cleavage site. However, in an RNA/RNA duplex, the lack of flexibility and the presence of
hydroxyl groups hamper proper binding to the phosphate binding pocket which displaces the
target strand from the cleavage site, resulting in a loss of RNA degradation activity (8).

As evidenced from our NMR structures, either single modification is well tolerated in a
duplex and results in modest perturbations, therefore a fully stereo specific modified DNA
backbone should not grossly distort a DNA/RNA hybrid. In this context, our structural NMR
results provide a rationale for the observed enzyme activity of the SP BH3 modified DNA/
RNA hybrid (14). The orientation of the BH3 plays a critical role in avoiding steric clashes
with essential RNase H1 contacts. In the SP hybrid the BH3 group points away from the
enzyme surface into the major groove allowing the DNA strand access to the RNase H1
phosphate binding pocket (Figure 9). Examination of our NMR structures together with the
crystal complex (8) predicts that the enzyme can accommodate the SP orientation of a fully
BH3 modified DNA backbone and maintain RNA cleavage activity. This is in line with
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experimental data. In the case of the RP hybrid, the BH3 modification would obstruct the
required snug fit of the DNA into the enzyme’s phosphate binding pocket (Figure 9).
Additionally, changes in the local charge distribution compared to a regular phosphodiester
linkage may also play a role in modulating the enzyme binding affinity. Taken together
these results indicate that the RP BH3 group is likely to impede access to essential enzyme
binding contacts, thus resulting in loss of RNase H1 RNA cleavage activity (Figure 9).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

ODN oligodeoxynucleotide

RNase H1 ribonuclease H

HPCOR 1H–31P correlation

CT NOESY constant time NOESY

rEM restrained minimization
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Figure 1.
DNA RNA hybrid design, RP and Sp denote the chirality of the phosphorus.
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Figure 2.
1H and 31P chemical shift differences at 298K of the RP and SP hybrids compared to an
unmodified DNA RNA control.  denotes Σ (|ΔH1′| |ΔH2′1| |ΔH2′2| |ΔH3′|) chemical shifts,
P phosphorus, A T G C |ΔH6| or |ΔH8|. Color scheme as follows:  > 0.10 Δ ppm,  0.10–
0.05 Δ ppm, < 0.05 Δ ppm. ---- denotes imino protons visible at 280K, solid line indicates
imino protons observed at 298K.
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Figure 3.
Imino proton spectra of RP and SP hybrids (80 μM duplex, 10 mM sodium phosphate, 100
mM NaCl, 0.1 mM EDTA, 90% H2O, 280 K, pH 6.2). The red arrow points out the change
in the imino proton (T5) shifts between the two hybrids.
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Figure 4.
31P spectra of RP and SP hybrids. Assignments were obtained from an HPCOR experiment.
Red arrows indicate peaks that have differences > 0.15 ppm between the modified hybrids.
The T5–P–G6 phosphates experiences a large shift (94ppm) due to the BH3 group, similar to
other observed 11B - 31P chemical (39).
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Figure 5.
A) 11B spectra of RP and SP hybrids. A single broad peak due to coupling to 1H and 31P is
observed (RP hybrid −41.43 ppm, SP hybrid −42.11 ppm). B) Decoupling of 1H sharpens
the 11B peak to a doublet (1JBP 133 Hz). C) 1H signal of the BH3 group, (R hybrid 0.33
ppm, S hybrid 0.42 ppm). D) Decoupling of 31P sharpens the 1H signal from the BH3
modification to a doublet. (1JHB 21.4 Hz) * denotes signal from DSS.
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Figure 6.
Boron decoupled {11B} NOESY; the 1H signal from the BH3 group is sharpened allowing
for the detection of cross peaks to nearby sugar (RP hybrid) and base (SP hybrid) protons. RP
hybrid contracts show in red, SP hybrid in blue.
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Figure 7.
Aligned (heavy atoms) bundles of the10 final NMR structures. RP hybrid DNA in red, SP
hybrid DNA in blue, RNA shown in grey. Structures were generated by sampling 1/ps for
the final 10ps of a 6.0 ns restrained solvated molecular dynamic simulation (rMD), followed
by fully restrained minimization. RMSD of the heavy atoms were, RP hybrid 0.30 Å, SP
hybrid 0.34 Å.
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Figure 8.
A) Overlay of RP and SP hybrid structures, color coded according to chemical shift
differences between the two modified hybrids. RP and SP hybrids aligned by all heavy atoms
(except boron). Nucleotides (Σ (|H1′| |H2′1| |H2′2| |H3′| |H4′| |H6/H8| |13C1′| |13C6/13C8 |) 
> 1.00 ppm, 1.00 ppm <  > 0.50 ppm,  < 0.50 ppm. B) RP and SP hybrid chemical shift
difference plotted by residue.
1H (top) closed box denotes Σ (|H1′| |H2′1| |H2′2| |H3′| |H4′|), 13C (middle), 31P (bottom) all
Δ ppm. T5–P–G6 (31P) display the largest difference in chemical shift between the two
modified hybrids (Δ 1.2 ppm).
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Figure 9.
A) Models of fully stereo specific Rp (red) or Sp (blue) modified BH3 DNA/RNA hybrids.
B) Rp BH3 modifications (shown as red CPK spheres) were modeled on the existing crystal
structure of RNase H1 enzyme (tan) in complex with a DNA (red) RNA (grey) hybrid (8).
The enzyme contacts the hybrid along the DNA backbone and in the minor grove (green).
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Table 1

Thermodynamic properties of DNA/RNA hybrids containing a central Rp or Sp BH3 DNA backbone
modification and an unmodified control in 10 mM sodium phosphate, 50 mM NaCl, pH 6.4. TM values were
calculated for a 30 μM duplex. ΔG are given for 298 K.

TM (K) ΔH (kJ/mol) ΔS (kJ/mol K) ΔG (kJ/mol)

Rp hybrid 313.8 (0.2) 265 (6) 0.747 (0.018) 42.6

Sp hybrid 313.8 (0.2) 263(15) 0.739 (0.043) 42.4

Controla 312.9 (0.1) 253 (7) 0.706 (0.022) 42.2

a
Control sample from previously published work at similar conditions (22).
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Table 2

Summary of NMR restraints used for structure development. Qualitative distance restraints were derived using
RANDIMARDI procedure similar to previously published methods. (22) Final restrained molecular dynamic
simulations (rMD) were run for 6.0 ns solvated in TIP3P water at 300 K with the addition of Na+ ions to
neutralize phosphate backbone charges. Final ensembles underwent fully restrained minimization (rEM). 1000
steps steepest decent followed by 1000 steps conjugated gradient RMSD values were measured in VMD 5.21.
Final Amber energies were calculated in the absence of H2O and Na+ ions.

Parameter RP hvbrid Sp hybrid Force Constant (k)a

Quantitative Distance Restraints (RANDMARDI)

non exchangeables (total) 194 191 30

intra residue 129 118 30

inter residue (sequential) 56 62 30

inter residue (cross strand) 2 2 30

average well width (Å) 0.47 0.64

semi - quantitative (weak/medium/strong) 5 5 30

average well width (Å) 2.0 2.0

exchangeables (total) 10 25 10

Qualitative BH3 Restraints 2 4 30

Endocyclic Torsion Angle Restraints

deoxyribose (pseudorotation analysis) 35 30 50

average well width | r2−r3|/N 30 30

Watson Crick Restraints

distance 23 23 25

fat angle 23 23 10

Backbone Torsion Angle Restraints

DNA/RNA hybrid broad restraints 70 70 50

well width α β γ δ ζ (deg) 65, 60, 80, 60 65, 60, 80, 60

ε (CT NOESY) (deg) 16 16 k varies 50–200 based on
number of data pts

Residual Dipolar Coupling

total RDC restraints 45 45 1.0 (dwt)

base (C6, C8, C2, C5) 27 27 1.0 (dwt)

sugar (C1′) 18 18 1.0 (dwt)

Total Restraints 405 427

total restraints/residue 22.3 23.7

CORMA Rx Values

TM (ms) Rx intra, Rx inter, Rx

total
Rx intra, Rx inter, Rx

total

50 n/a 0.057, 0.060. 0.058

150 0.048, 0.050, 0.049 0.060, 0.058, 0.059

250 0.049, 0.065, 0.055 0.055, 0058, 0.056

Final Amber Parameters

Total Distance Penalty (kcal/mol) 103.9 51.5
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Parameter RP hvbrid Sp hybrid Force Constant (k)a

Total Angle Penalty (kcal)/(mol) 0.5 0.1

Total Torsion Angle Penalty (kcal)/(mol) 3.4 0.8

Residual Dipolar Coupling (RDC) Alignment Constraint
(kcal/mole)

7.5 5.3

Amber Energya (kcal/mol) −210.0 −138.1

Bundle of 10 Final Structures

RMSD of Heavy Atoms 0.30 0.34

a
(kcal/mol * unit of violation)
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