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Backbone hydrocarbon-constrained nucleic acids modulate 
hybridization kinetics for RNA

Tamilselvan Rajasekaran#,1, Graeme C. Freestone#,2, Rodrigo Galindo-Murillo#,3, Barbara 
Lugato1, Lorena Rico1, Juan C. Salinas1, Hans Gaus2, Michael T. Migawa2, Eric. E. 
Swayze2, Thomas E. Cheatham III3, Stephen Hanessian1, Punit P. Seth2

1Department of Chemistry, University of Montreal, Quebec H3C 3J7, Canada

2Department of Medicinal Chemistry, Ionis Pharmaceuticals, 2855 Gazelle Court, Carlsbad, CA 
92010, USA.

3Department of Medicinal Chemistry, College of Pharmacy, University of Utah, 2000 East 30 
South Skaggs 201, Salt Lake City, UT 84112, USA.

Abstract

The binding affinity of therapeutic oligonucleotides (ONs) for their cognate RNA is determined by 

the rates of association (ka) and dissociation (kd). Single stranded ONs are highly flexible and can 

adopt multiple conformations in solution some of which may not be conducive for hybridization. 

We investigated if restricting rotation around the sugar-phosphate backbone, by tethering two 

adjacent backbone phosphonate esters using hydrocarbon bridges, can modulate hybridization 

kinetics of the modified ONs for complementary RNA. Given the large number of possible 

analogs with different tether lengths and configurations at the phosphorus atoms, we employed 

molecular dynamic simulations to optimize the size of the hydrocarbon bridge to guide the 

synthetic efforts. The backbone constrained nucleotide trimers with stereo-defined configurations 

at the contiguous backbone phosphorus atoms were assembled using a ring closing metathesis 

reaction, then incorporated into oligonucleotides by an in situ synthesis of the phosphoramidites 

followed by coupling to solid-supports. Evaluation of the modified oligonucleotides revealed that 

15-membered macrocyclic-constrained analogs displayed similar or slightly improved on-rates but 

significantly increased off-rates compared to unmodified DNA ONs resulting in reduced duplex 

stability. In contrast, LNA ONs with conformationally pre-organized furanose rings showed 

similar on-rates as DNA ONs but very slow off-rates, resulting in net improvement in duplex 

stability. Furthermore, the experimental data generally supported the molecular simulation results 

suggesting that this strategy can be used as a predictive tool for designing the next generation of 

constrained backbone ON analogs with improved hybridization properties.
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Introduction

RNA-targeting nucleic acid therapeutics have made tremendous advances in the past decade 
1–2. No less than 14 nucleic acid-based medicines have been approved by regulatory 

agencies and over one hundred are in early to late-stage clinical development. Improved 

clinical performance of antisense therapeutic drugs has, in large part, been driven by 

advances in delivery strategies of chemically modified oligonucleotides as drug candidates3.

With the exception of aptamers and immunomodulatory oligonucleotides, nucleic acid-based 

therapeutics must hybridize with their target RNA inside cells, while avoiding interactions 

with mismatched RNA, to maintain the specificity of gene knockdown. The efficiency of 

this process is governed in part by the kinetics of association (on-rate) and dissociation 

(off-rate) to the targeted RNA (Figure 1A) 4. The majority of the chemical modifications 

employed in nucleic acid-directed therapeutics enhance affinity for RNA by conformational 

restriction of the ribose-sugar 5–7. However, the improvements in hybridization parameters 

using these modifications are driven primarily by reduction in off-rates once duplex-

formation has been established 8. In contrast, on-rates for modified nucleic-acids are 

essentially unchanged as the transition state for hybridization is established before the 

strands form any significant number of native base pairs 9. Thus, chemical strategies that can 

modulate binding kinetics for hybridization to the targeted RNA could be useful for further 

improving the next generation of nucleic acid therapeutics.

We envisioned a strategy where the backbone of highly flexible single stranded 

oligonucleotides 10 could be constrained in a manner conducive to hybridization that would 

be independent of the sequence of the oligonucleotide. We hypothesized that restricting 

the conformational flexibility of a trinucleotide subunit by constraining the phosphate 

backbone using a macrocyclic hydrocarbon tether could pre-organize the nucleobases into 

the appropriate conformation for Watson-Crick base-pairing and modulate the kinetics 

of RNA-hybridization (Figure 1A). Given the large number of possible analogs with 

different tether lengths and configurations at the bridging phosphonates (Figure 1B), 

we employed molecular dynamic simulations to optimize the size of the macrocyclic 

hydrocarbon bridge to guide the synthetic efforts. In this report, we describe the synthesis of 

backbone-constrained trinucleotides incorporating tetra- and octa- methylene units to bridge 
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phosphonate esters linking successive 2’-deoxy thymidine units and demonstrate that their 

incorporation into oligonucleotides can modulate hybridization kinetics.

Experimental Section

Synthesis of phosphoramidite building blocks and modified oligonucleotides.

Complete details for the synthesis and structural characterization of the nucleoside 

intermediates are provided in the supporting information. The phosphoramidites were 

synthesized by treatment of the P-macrocyclic 2’-deoxythymidine trimers (17 mmol) with 

2-cyanoethyl N,N-diisopropylchlorophosphoramidite (1.5 eq.) and DIEA (4 eq) in DCM 

(0.1 M) at room temperature for 2 h. Concomitantly, the DMT protecting group was 

removed from 15 mg of PS-200 resin in an ABI column containing the first 5 nucleobases 

on an ABI Synthesizer. The reaction mixtures containing the above phosphoramidites were 

then taken up into a 1 mL syringe and attached to one end of the ABI column. 500 

μL of activator solution (1M DCI,0.1M NMI in MeCN) was taken up into a second 1 

mL syringe and attached to the other end of the ABI column. The reaction mixture and 

activator solution were pushed back and forth through the ABI column for 15 minutes 

to allow for complete reaction before being discarded. The column was reattached to 

the ABI Synthesizer to complete the oligonucleotide synthesis using standard automated 

phosphoramidite chemistry.

Thermal denaturation measurements.

ASO and RNA were mixed in 1:1 ratio (4 μM duplex) in a buffer containing 100mM 

NaCl, 10 mM phosphate and 10 mM EDTA at pH 7. Oligos were hybridized with the 

complementary RNA strand by heating duplex to 85 °C for 5 min and allowed to cool at 

room temperature. Thermal denaturation temperatures (Tm values) were measured in quartz 

cuvettes (pathlength 1.0 cm) on a Cary 100 ultraviolet (UV)/visible spectrophotometer 

equipped with a Peltier temperature controller. Absorbance at 260 nm was measured as 

a function of temperature using a temperature ramp of 0.5 °C per min. Tm values were 

determined using the hyperchromicity method incorporated into the instrument software.

On- and off-rate measurements

Binding of oligonucleotides to complement RNA was performed on a Biacore X100 

surface plasmon resonance (SPE) instrument. 100 units of complementary RNA was 

immobilized on a SA chip by injecting a 20 nM solution of 5’-Biotin-labeled RNA (5’-

Biotin-UCGAGAAACAUCC-3’) in HPS-EP buffer (10 mM HEPES, pH 7.4, 150 mM NaCl, 

3 mM EDTA, 0.0005% Surfactant P20). Binding was evaluated by injecting increasing 

concentration of oligonucleotides (6.75nM to 100 nM, 2-fold dilution) in HPB-EP buffer 

at 25°C onto RNA-immobilized SA chip. Kinetic and equilibrium binding analysis was 

performed using Biacore X100 Evaluation Software applying 1:1 binding fit.
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Results

Molecular modelling to determine optimal size of macrocyclic methylene tethers

To determine the optimal ring size and stereochemistry of the macrocyclic constrained 

analogs to modulate hybridization kinetics, we first evaluated analogs such as IV (Figure 2) 

in Molecular Dynamics simulations (MD). Using the sequence d(GGATGTTTCTCGA) and 

its RNA complementary chain, we built the bis-allyl phosphonate linkages (III, Figure 2) in 

conjunction with 11 to 15 membered tetra-and octa- methylene-bridged rings, to determine 

the ability of these structural modifications to form stable Watson-Crick pairing with RNA 

(only 11 and 15 membered rings shown).

Using DS-Visualizer 2020, we generated a double-strand B-DNA with the sequence 

d(GGATGTTTCTCGA). This sequence was used as a reference in further structural 

analysis. The cycles were created by building the different hydrocarbon bridges in DS-

Visualizer and optimizing the structure using DFT with the M06/6–31G* level of theory 

and basis. Hydrogen atoms of the terminal carbons of the linker were deleted and a bond 

between the carbons and the phosphorous group of the corresponding thymine base was 

added using the tleap module of AmberTools 11–12. Charges of the hydrocarbon bridge was 

calculated with the G09 version of the Gaussian program with HF/6–31G* and fitted using 

the restrained electrostatic potential module(RESP)13 in Ambertools; bonds, angles, dihedral 

and improper terms were described by the General Amber Force Field 14. The final charge 

of the complete cycle was manually adjusted to reach a neutral charge. DNA was described 

by the OL15 force field 15–16 and RNA was described by the OL3 force field 17–18. Sodium 

ions where added to all the models to neutralize charge and an excess of NaCl ions using the 

Joung-Cheatham parameters 19 were also incorporated in order to reach a final concentration 

of ~200mM. The systems were solvated in a truncated octahedral periodic box with a buffer 

between the distance of the solute and the edge of the box of 12 Å. The optimum point 

charge water model (OPC)20 was used for all the simulations.

The generated topology and coordinate files were energy minimized and equilibrated in a 

10-step process. The initial step involved a 10 kcal/mol∙Å2 restraint in all the solute atoms 

using a 1 fs time step, allowing the solvent to relax for 1 ns; after this step, nine consecutive 

equilibration simulations were run for 1 ns gradually lowering the restraint constant in 

the solute until no restraint was present. The last step was an NTP simulation for 10 ns 

with no restraints. Production molecular dynamics runs were calculated for 5 μs for all the 

systems. Periodic boundary conditions were used, the temperature was 300K using Langevin 

dynamics 21 with a collision frequency of 1.0, pressure regulation was performed using the 

Berendsen barostat 22 and bonds containing hydrogen atoms where constrained using the 

SHAKE algorithm 23. Production simulations were run using the Hydrogen Mass repartition 

scheme 24 allowing for a 4 fs time step. Each MD simulation was sampled for 5 μs.

Visual inspection of the trajectories revealed that the three systems indeed produced stable, 

although distorted duplexes for the entire simulation. The representative structure of the 

most populated cluster for each system is presented in Figure 3. The normalized root means 

square deviation (RMS) population for the test sequence (black) with no modification to 

the phosphodiester linkage is presented in each of the studied stereo isomers as a control. 
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The control DNA simulation shows deviation values between ~1–2.5 Å as observed with 

previous simulations with this force field 15.

The 11 ring systems shows RMS deviation from ~3–10 Å for the R,R, S,R and S,S 
stereochemistry and reduced structural deviation for the R,S configuration (Figure 3, top 

row). The R,R and R,S configurations show that the bis-allyl and the r15 systems are closer 

in value with each other, and to the control simulation. The RMS data of the r15 system with 

the S,R and S,S configurations suggest a lower structural deformation than the bis-allyl 

modification. Overall, all three systems produced duplexes regardless of the backbone 

stereochemistry but the 15-membered macrocyclic analogs appeared to be structurally closer 

to the DNA control relative to the 11-membered analogs. To determine if the results 

from the molecular dynamics simulation could be used as a tool to guide the synthesis 

effort, we undertook synthesis of all four P-diastereomers of the 11- and 15-membered 

2’-deoxythymidine trimer building blocks, incorporated them into oligonucleotides and 

measured their duplex stabilizing properties and their ability to modulate hybridization 

kinetics.

Design and retro-synthesis of macrocyclic phosphonate hydrocarbon- bridged 
oligonucleotides

The emergence of the Grubbs ring closing metathesis reaction as a powerful method to 

introduce ring constructs of varying sizes starting with olefinic substrates 25, allowed 

Nielsen and coworkers to first explore the introduction of backbone constrained carbon-

bridged phosphate esters in oligonucleotides 26. Indeed, a variety of analogues were 

synthesized varying in their positions of phosphate ester attachment between dinucleotide 

units and the size of the olefinic carbon bridge intended to provide conformational constraint 
27–29. Given that such phosphate esters are chemically unstable to basic conditions used 

during deprotection of oligonucleotides after synthesis, and their dependence on inherent 

stereoelectronic effects that dictate the spatial orientation of the P-O bonds, we chose to use 

phosphonate esters as tetra- and octa- methylene-bridged macrocycles that link two adjacent 

dinucleotide units encompassed within a 2’-deoxythymidine trimer (Figure 1B). We were 

also cognizant from recent reports, that these linkages can result in dramatic improvements 

in therapeutic index for certain classes of therapeutic oligonucleotides 30.

Critical to the realization of these proposals was the accessibility of diastereomeric 

pairs of phosphonate esters harboring stereogenically pure phosphorus atoms within 

each macrocyclic construct (Figure 2). We deemed it necessary to put a premium on 

stereochemistry at phosphorus, in case it would play a role in the proper preorganization 

of the nucleoside units for recognition and hybridization. Consequently, we undertook the 

arduous task to synthesis all four diastereomeric analogs with defined stereochemistry at the 

phosphorus atoms.

Synthesis of macrocycles with 11 and 15-membered ring systems

The synthesis of 11-and 15 –membered methylene-bridged phosphonate macrocycles are 

shown in Scheme 1. Coupling of 5’-O-dimethyltrityl 2’-deoxythymidine 1 with allyl 

phosphoramidite 2 afforded the ester 3 which was converted to the (R)- and (S)- dimers 
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5 and 5a respectively which were readily separated by column chromatography (Supporting 

Information Figure 1). Cleavage of the DMTr group of the (R)-dimer 5 followed by coupling 

with the allyl (3) or heptenyl (7) phosphonate esters led to the trimers 8 and 9 respectively. 

Ring closing metathesis with the second generation Hoveyda-Grubbs catalyst25, followed 

by hydrogenation of the double bond led to a pair of diastereomeric trimers designated as 

(R/R)-10 (n=11) and (S/R)-12 (n=11) respectively. The corresponding (R/R)-11 (n=15) and 

(S/R)-13 (n=15) diastereomeric pairs were similarly prepared. Cleavage of the TBS group 

led to 14 and 16 (n=11) and 15 and 17 (n=15) without stereochemical erosion, which were 

utilized in the oligonucleotide synthesis toward designated oligonucleotide constructs (see 

below). Starting with the (S)-dimer 5a and following the same protocol afforded the 14a/15a 
and 16a /17a diastereomeric quartet.

The diastereoisomeric dimers 5 and 5a which were the starting materials for the 11- and 

15-membered macrocyclic constructs were separated in multi-gram quantities by silica 

gel chromatography. It is well established that the dimer with Rp stereochemistry elutes 

first and has a higher melting temperature when incorporated into oligonucleotides 31–33. 

To confirm this, we converted dimers 5 and 5a into the corresponding phosphoramidites 

and incorporated them into oligonucleotides for evaluation in thermal denaturation 

experiments (Supporting information Figure S2). As suggested by literature precedence, the 

oligonucleotide incorporating the faster eluting dimer showed higher Tm and was confirmed 

as the Rp stereoisomer. The stereochemistry of the second stereocenter at phosphorus in the 

nucleoside trimers 14–17 and 14a-17a was assigned by careful comparison of 1H, 31P NMR 

data and optical rotation values with the corresponding phosphonates of known absolute 

stereochemistry prepared using the Baran achiral auxiliary 33 (Supporting information 

Figure S3, Schemes A and B). 33

Incorporation of macrocyclic trimers into oligonucleotides

Each of the diastereomerically pure P-macrocycles from Scheme 1 was inserted into a 

series of oligonucleotide (ON) constructs to furnish the corresponding modified ASO. 

Given the challenging synthesis and purification protocols to obtain nucleoside trimers 

14-17 and 14a-17a, we developed a method for in situ synthesis and coupling of the 

nucleoside phosphoramidites (Scheme 2). The trimers 14-17 and 14a-17a were reacted with 

2-cyanoethyl N,N-diisopropylchlorophosphoramidite (1.5 eq.) and diisopropylethylamine 

(4 eq.) in dichloromethane (0.1 M) at room temperature for two hours. The amidite 

formed was not purified but instead directly coupled to a 5-mer DNA oligonucleotide 

on solid support using a hand-coupling protocol as described in the methods section. 

The synthesis column with the coupled trimer was reattached to the DNA synthesizer to 

complete the synthesis using standard automated phosphoramidite chemistry. Deprotection 

and cleavage from support and purification by ion-exchange chromatography furnished the 

final oligonucleotides (Supplementary Figure 4).

Effect of macrocyclic tethers on duplex thermal stability versus complementary RNA

DNA ONs modified with the 11-membered macrocyclic backbone-constrained analogs 

derived from ring-closing metathesis of the bis-allyl trinucleotides 14, 16 and 14a, 16a 
were evaluated in thermal denaturation experiments. To our disappointment, these analogs 
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resulted in significant duplex destabilization (Table 1, ONs 6–9). We also measured the 

melting temperatures of duplexes derived from all four phosphonate diastereomers of the 

precursor bis-allyl nucleosides 8, 8a and 9, 9a with complementary RNA (Table 1, ONs 
2–5). Introducing allyl substitution on adjacent phosphorus atoms in the oligonucleotide 

backbone also resulted in significant configuration-dependent duplex destabilization, 

suggesting that the destabilization observed with the 11-membered macrocyclic analogs 

was in-part a result of replacing the charged phosphodiester linkage with a neutral alkyl 

phosphonate linkage. The loss of duplex stability upon introduction of neutral phosphonate 

linkages could be attributed to disruption of the water of hydration spine that is important for 

maintaining the stability of oligonucleotide duplexes 34. Alternatively, neutralization of the 

backbone charge could weaken the anomeric effects that help stabilize phosphate backbone 

conformations required for optimal hybridization with complementary nucleic acids 35.

In contrast, evaluation of the 15-membered macrocycle modified oligonucleotides revealed 

that they possessed significantly improved duplex stabilization properties relative to the 

11-membered macrocycles (Table 1, ONs 10–13). The macrocyclic analog with the 

S,R configuration at contiguous phosphorus atoms displayed the optimal hybridization 

properties which were similar to unmodified ON1 and significantly improved relative to 

the corresponding bis-allyl analog. The macrocyclic analogs with R,S and S,S phosphorus 

configurations were destabilizing relative to the unmodified ON1 but were significantly 

more stabilizing as compared to their ring opened bis-allyl counterparts. Overall, the four P-

diastereomeric 15-membered macrocyclic ONs displayed better duplex stabilizing properties 

as compared to the smaller 11-membered macrocycles. These results were consistent with 

the molecular modeling data which had suggested that the 15-membered ring would be less 

disruptive for duplex stability.

Effect of macrocyclic tethers on hybridization kinetics versus complementary RNA

We next characterized the hybridization kinetics of the modified ONs (Table 1). On- and 

off-rates of ONs 1–13 to complementary RNA were determined using plasmon surface 

resonance. Measurements were accomplished by monitoring hybridization of the ONs to the 

biotin-labeled RNA immobilized onto a streptavidin chip. On- and off-rates were determined 

from the sensorgrams and binding constants calculated from measured rates (Supporting 

information, Figure S4).

The bis-allyl modified ONs generally displayed on-rates that were comparable or slightly 

faster as compared to the parent ON1. Presumably, the reduction of overall charge 

resulting from introduction of two neutral linkages may reduce charge repulsion as the two 

polyanionic oligonucleotides approach each other to establish hybridization. However, these 

analogs also resulted in faster off-rates suggesting that the neutral linkages reduce stability 

after duplex formation. Interestingly, on- and off-rates were dependent on configuration at 

phosphorus suggesting a steric and/or electronic component. Unfortunately, we were unable 

to get reliable data for the 11-membered macrocycle modified ONs because of their poor 

hybridization properties. In contrast, the 15-membered macrocycle modified ONs displayed 

interesting hybridization kinetics. The S,S analog ON11 showed a 4.5-fold enhancement 

in on-rate for complementary RNA but this analog also exhibited a 37-fold faster off-rate 
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as compared to the parent ON1 and its ring opened bis-allyl counterpart ON3. In contrast, 

the R,R analog ON13 showed similar on- and off-rates relative to its ring opened bis-allyl 

counterpart ON5, but a 1.5-fold enhancement in on-rate relative to the parent ON1. The S,R 

(ON10) and R,S (ON12) analogs displayed very similar hybridization kinetics as the parent 

DNA ON1.

To determine how the hybridization kinetics of the macrocycle constrained analogs compare 

to that of other conformationally restricted modifications such as LNA that provide large 

enhancements in duplex stability and RNA-affinity 36–37, we measured these parameters 

for LNA modified ONs 14-17. As expected, all LNA ONs showed excellent improvements 

in duplex thermal stability. Interestingly, all LNA ONs including ON17 with three LNA 

incorporations, showed similar on-rates as the parent DNA ON1 but extremely slow off-

rates that were difficult to measure at 25 °C. These data demonstrate that conformational 

restriction of the furanose sugar enhances RNA-binding affinity by slowing off-rates after 

duplex formation is established and have modest to no effect on on-rates.

Discussion

Hybridization of therapeutic oligonucleotides to their RNA targets inside cells is governed in 

part by the rates of association (on-rates) and dissociation (off-rates). Froehler et al reported 

the hybridization kinetics of C5-propyne and C5-thiazole-substituted pyrimidine analogs 

of DNA, and showed that the aromatic C-5 substituent reduced off-rates by enhancing 

stacking interactions 8. Hall recently showed that polyamine substituted C5-triazole 

pyrimidine analogs display significant enhancements in on-rate for complementary RNA 
38–39. However, these strategies are primarily applicable for pyrimidine nucleobases which 

can potentially limit their application for a broad array of sequences typically encountered in 

nucleic acid-based drug discovery. We envisioned a strategy where the backbone of highly 

flexible single stranded oligonucleotides 10 could be constrained in a manner conducive 

to hybridization that would be independent of the sequence of the oligonucleotide. We 

hypothesized that restricting the conformational flexibility of a trinucleotide subunit by 

constraining the phosphate backbone using a macrocyclic hydrocarbon bridge between 

phosphonate units could pre-organize the nucleobases into the appropriate conformation for 

Watson-Crick base-pairing and improve on-rates for RNA-hybridization.

We first performed molecular dynamics simulation of DNA/RNA oligonucleotide duplexes 

where the DNA strand was modified with 11- and 15-membered macrocyclic analogs to 

help determine the optimal length of the bridging methylene moiety and configuration 

at phosphorus for optimal hybridization. This exercise suggested that the 11-membered 

macrocyclic analogs produce large distortions in backbone geometries relative to the 

15-membered macrocyclic analogs. To test this hypothesis, we synthesized all four P-

diastereoisomers of the 11 and 15-membered macrocyclic trimers, incorporated them into 

oligonucleotides, and measured their duplex stabilizing and hybridization kinetics versus 

complementary RNA.

The open-chain bis-allyl trinucleotides showed a configuration- dependent destabilization 

of duplex stability (−2.6 to −11.4 °C). Replacing the negatively charged phosphodiester 
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backbone with neutral linkages can result in reduced duplex stability by potentially 

destabilizing the anomeric effects that pre-organize and/or stabilize optimal phosphodiester 

backbone conformations in oligonucleotide duplexes 35. Consistent with the molecular 

dynamics simulation data, the 11-membered macrocycle modified oligonucleotides showed 

a configuration dependent destabilization in duplex thermal stability relative to the 

unmodified oligonucleotide (−15.1 to −19.2 °C) and the bis-allyl ring opened analogs 

(−6.4 to −16.6 °C). Unfortunately, the poor hybridization properties precluded measurement 

of hybridization kinetics for the 11-membered macrocyclic analogs. In contrast, the 15-

membered analogs were significantly more stabilizing relative to the 11-membered analogs 

and the bis-allyl controls (−4.5 to +5.6 °C) but they did not improve duplex stability 

relative to the unmodified DNA ON. It is likely that this destabilization is a result 

of neutralizing backbone charge as opposed to enforcing a conformational constraint 

given the destabilization observed with the bis-allyl open chain analogs. However, the 

15-membered analogs displayed interesting effects on hybridization kinetics, with the S,S 
analog exhibiting a 4-fold improvement in on-rates and a 37-fold increase in off-rates 

versus complementary RNA relative to the unmodified oligonucleotide. In contrast, a fully 

charge-neutral peptide nucleic acid (PNA) only produced a modest 2-fold improvement in 

on-rate for complementary RNA 40.

We also measured the hybridization kinetics of ONs modified with LNA which increases 

affinity by conformationally restricting the furanose ring in the N-type sugar pucker. 

LNA ONs displayed similar on-rates as the unmodified DNA ON but extremely slow 

off-rates. While this hybridization profile showed tremendous improvements in overall 

binding affinity, slow off-rates could be detrimental for therapeutic applications and 

result in toxicities if ASOs bearing these modifications are trapped at off-target sites. 

Indeed, progress of LNA ASOs in the clinic has been stymied by toxicity issues 41–44. 

Interestingly, introducing two alkyl phosphonate linkages in ASOs bearing LNA-like high 

affinity modifications resulted in large improvement sin therapeutic index 30. While these 

ASO designs showed reduced binding to paraspeckle proteins implicated in ASO toxicities 
45, changes in hybridization to cellular RNA may have also played a role in improving 

therapeutic index. It is conceivable that faster hybridization (both on and off) kinetics may 

allow a therapeutic oligonucleotide to sample the RNA sequence-space at a faster rate and 

potentially improve specificity by avoiding being trapped at partially matched RNA sites.

Conclusion

Overall, our data suggest that macrocyclic bridges that restrict mobility around the 

phosphodiester backbone in oligonucleotides can modulate duplex thermal stability and 

hybridization kinetics versus complementary RNA. Our data also suggest that further 

optimization such as changing the tethering positions to different sites on the furanose 

sugar, or combining these with conformationally constrained sugar moieties, could provide 

additional benefits. Optimization of these properties will provide the desired chemically 

modified nucleoside oligomers to help determine if modulating hybridization kinetics 

can improve the antisense properties of oligonucleotide therapeutics. Importantly, the 

experimental data supported the molecular simulation results suggesting that this strategy 
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can be used as a predictive tool for designing the next generation of constrained backbone 

oligonucleotide analogs with improved hybridization properties.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(A) Appropriate conformational constraint can pre-organize a therapeutic oligonucleotide 

for more efficient hybridization with its targeted mRNA. (B) Design of phosphonate ester 

backbone constrained nucleic acid analogs
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Figure 2 –. 
Retrosynthesis of backbone constrained nucleic acids
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Figure 3. 
Normalized distribution of the RMSD values for each of the modeled systems. The RMSD 

calculated values are only considering the inner base-pairs and using the first frame as 

reference. Bottom molecular images show the representative structure of the most populated 

cluster for each simulation. All sampled frames from the MD trajectory (each ps) were 

considered for the clustering analysis.
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Scheme 1. 
Synthesis of 11- and 15-membered P-macrocyclic 2’-deoxythymidine trimers
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Scheme 2. 
Incorporation of backbone-constrained nucleic acids into oligonucleotides
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Table 1.

Duplex stabilizing properties and hybridization kinetics versus complementary RNA of phosphate backbone 

constrained macrocyclic nucleic acid analogs. Binding of oligonucleotides to complement RNA was 

performed on a Biacore X100 surface plasmon resonance (SPE) instrument. 100 units of complementary 

RNA was immobilized on a SA chip by injecting a 20 nM solution of 5’-Biotin-labeled RNA (5’-Biotin-

UCGAGAAACAUCC-3’) in HPS-EP buffer (10 mM HEPES, pH 7.4, 150 mM NaCl, 3 mM EDTA, 0.0005% 

Surfactant P20). Binding was evaluated by injecting increasing concentration of oligonucleotides (6.75nM to 

100 nM, 2-fold dilution) in HPB-EP buffer at 25°C onto RNA-immobilized SA chip. Kinetic and equilibrium 

binding analysis was performed using Biacore X100 Evaluation Software applying 1:1 binding fit.

ON Sequence macrocycle Tm (°C) ΔTm (°C) KD nM Kon M−1S−1 Koff S−1

size P config. DNA 
parent

open-allyl

1 GGATGTTTCTCGA PO DNA -- 49.5 -- -- 0.26 4.44 × 105 11.3 × 10−5

2 GGATGTxTxTCTCGA Bis-allyl S,R 42.8 −6.7 -- 1.35 6.04 × 105 81.5 × 10−5

3 GGATGTxTxTCTCGA Bis-allyl S,S 38.1 −11.4 -- 13.8 1.96 × 105 271 × 10−5

4 GGATGTxTxTCTCGA Bis-allyl R,S 42.4 −7.1 -- 1.19 6.60 × 105 78.8 × 10−5

5 GGATGTxTxTCTCGA Bis-allyl R,R 46.9 −2.6 -- 0.39 5.17 × 105 20.3 × 10−5

6 GGATGTxTxTCTCGA 11 S,R 34.4 −15.1 −8.4 nd nd nd

7 GGATGTxTxTCTCGA 11 S,S 31.7 −17.8 −6.4 nd nd nd

8 GGATGTxTxTCTCGA 11 R,S 33.7 −15.8 −8.7 nd nd nd

9 GGATGTxTxTCTCGA 11 R,R 30.3 −19.2 −16.6 nd nd nd

10 GGATGTxTxTCTCGA 15 S,R 48.4 −1.1 +5.6 0.34 5.36 × 105 18.1 × 10−5

11 GGATGTxTxTCTCGA 15 S,S 41.1 −8.4 +3.0 2.18 18.9 × 105 412 × 10−5

12 GGATGTxTxTCTCGA 15 R,S 46.4 −3.1 +4.0 0.16 7.12 × 105 11.4 × 10−5

13 GGATGTxTxTCTCGA 15 R,R 42.4 −7.1 −4.5 0.70 6.66 × 105 88.0 × 10−5

14 GGATGTTTCTCGA 1 LNA -- 58.2 -- < 0.06 8.10 × 105 < 5 × 10−5

15 GGATGTTTCTCGA 1 LNA -- 58.1 -- < 0.07 7.74 × 105 < 5 × 10−5

16 GGATGTTTCTCGA 1 LNA -- 58.6 -- < 0.09 5.11 × 105 < 5 × 10−5

17 GGATGTTTCTCGA 3 LNA -- 68.8 -- < 0.06 8.88 × 105 < 5 × 10−5
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