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ABSTRACT: Peptide nucleic acids (PNAs) are antisense molecules with excellent polynucleotide hybridization properties; they are
resistant to nuclease degradation but often have poor cell permeability leading to moderate cellular activity and limited clinical
results. The addition of cationic substitutions (positive charges) to PNA molecules greatly increases cell permeability. In this report,
we describe the synthesis and polynucleotide hybridization properties of a novel cationic/amino-alkyl nucleotide base-modified PNA
(OPNA). This study was designed to quantitate the effect the cationic/amino-alkyl nucleotide base modification had on the kinetic
and thermodynamic properties of OPNA-DNA hybridization using surface plasmon resonance and UV thermal melt studies. Kinetic
studies reveal a favorable 10—30 fold increase in affinity for a single cationic modification on the base of an adenine, cytosine, or
guanidine OPNA sequence compared to the nonmodified PNA strand. The increase in affinity is correlated directly with a favorable
decrease in the dissociation rate constant and increase in the association rate constant. Introducing additional amino-alkyl base
modifications further favors a decrease in the dissociation rate (3—10-fold per amino-alkyl). The thermodynamics driving the OPNA
hybridization is promoted by an additional favorable —80 kJ/mol enthalpy of binding for a single amino-alkyl modification compared
to the PNA strand. This increase in enthalpy is consistent with an ion—ion interaction with the DNA strand. These kinetic and
thermodynamic hybridization studies reveal for the first time that this type of cationic/amino-alkyl base-modified PNA has favorable
hybridization properties suitable for development as an antisense oligomer.

B INTRODUCTION phosphate ribose backbone with a peptide backbone which
Antisense oligonucleotides (ASO) are nucleotide polymers utilizes a modified N-(2-aminoethyl)glycine peptide backbone
that bind to complementary sequences of RNA or DNA and attached nucleotide bases without the sugar compo-
oligonucleotides. Antisense oligonucleotides (ASOs) have nent.*”"" While these peptide nucleic acids (PNA) have
been used to successfully treat a wide range of muscular, excellent nucleotide hybridization properties, are resistant to
neurological, immunological, eye, and metabolic diseases and nuclease degradation, and are used extensively in diagnostics
disorders.”” The mechanism of action for these disease and as probes, they have poor cell permeability and fast

modifiers includes the stimulation of RNA degradation by
RNAse H1, modification(alteration) of pre-mRNA splicing to
mature mRNA and immune stimulation by recruiting proteins
to regulator sites.”’ The successful clinical application of the
ASO strategy has been mediated by the design of novel
modifications to the oligonucleotides to provide enhanced
metabolic stability, increased affinity to targeted nucleotide
sequences, and cell permeability.”> One of the earlier methods
to prevent enzymatic degradation of these typically short
oligonucleotides (10—20 base pairs) was to replace the

clearance from the body and thus requires high concentrations
in both cell-based and in vivo models to observe effects on
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Figure 1. (a) Generic structure of a 10mer OPNA with modified bases and (b) chemical structure of each modified base.

target levels and function.””™"* To improve cell-permeability,
several strategies have been employed including formulating/
encapsulating the antisense PNA with phospholipids as well as
introducing additional chemical modifications on the peptide
backbone such as adding positively charged groups like lysine
and arginine amino acids or G-clamps to the synthetic
oligonucleotide.*>”~" ">~ This study will describe another
strategy to improve cell permeability through the introduction
of cationic/amino-alkyl positive charges directly on the PNA
nucleotide bases (this type of ssPNA is referred to as OliPass
PNA or OPNA).”"** Data suggest that these OPNA ASO
have enhanced cell permeability and cell-based activity without
the use of permeability agents such as transfection reagents or
phospholipids.”*~>> Phase 1 and phase 2 clinical trials are
ongoing to evaluate the efficacy of OPNA antisense
molecules.”*™>* This report provides information regarding
the synthesis and the kinetic and thermodynamics of the
OPNA-DNA hybridization process which may provide insight
into some of the cellular activities of OPNA (e.g, gene
silencing and modulating the processing of pre-mRNA into
mRNA).

Selection of optimal synthetic single strand ASO oligonu-
cleotides requires studying many different molecules in in vitro
assays that measure affinity, stability, and cellular responses, in
addition to in vivo models. Cell-based assays and in vivo
models vary greatly depending on the intended target and
desired disease outcome. However, the analytical methods for
characterizing the thermodynamic, kinetic, and thermal
stability of oligonucleotide hybridization are performed by
only a few different types of methods. The techniques and
signals most often used include UV thermal melt assays, time-
dependent fluorescence enhancement or quenching, and
surface plasmon resonance (SPR).”7° In this current report,
we have used SPR to measure the hybridization kinetics of
short 8—10mer single-strand OPNA oligomers to a conserved
biotin-immobilized complementary ssDNA. Experiments were
designed to study the effect different amino-alkyl-base
modifications would have on the kinetics and thermodynamics
that promotes hybridization to provide insight into the optimal
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design of OPNA oligomers. From temperature-dependent
kinetics of OPNA-DNA hybridization, it is apparent that
dimerization for the short ASO strands is consistent with a
two-state model, indicating that the selected amino-alkyl-base
modifications do not form undesirable structures that would
hinder binding and lead to non-2-state binding (see general 2-
state review: Ouldridge et al, 2013).”” The enhanced affinity
of OPNA vs a nonmodified PNA is driven greatly by the
amino-alkyl-base mediated decrease in the dissociation rate.
Finally, from temperature-dependent kinetic studies, thermo-
dynamic analysis provided enthalpy of binding, AH, and
entropy of binding, AS, values. These results indicate the
addition of 1 cationic/amino-alkyl-base modification to an
OPNA adenine, cytosine, or guanine enhanced the AH of
binding by approximately —80 kJ/mol, indicating that the base
modifications not only facilitates cell permeability but also
promotes new and favorable molecular interactions that
stabilize the OPNA-DNA double strand. The favorable kinetic
and thermodynamic results presented in this report suggest
that OPNA have properties that will favor their application as
ASO in a wide range of diseases.

B MATERIAL AND METHODS

DNA Oligonucleotide for SPR. Sense and antisense single
strand DNA oligonucleotides were synthesized by Integrated
DNA Technologies (Coralville, IA). Immobilized sense strands
were labeled with biotin at the 5" end. All oligonucleotides
were HPLC-purified, confirmed by mass spectroscopy, and
suspended in deionized water to make a working 500 uM
stock. Each of the 5’-biotin sense strands were designed to
have the OPNA 10mer bases bind to a 12mer DNA sequence
where a single nonsense base was added to the 3’ and 5’ ends,
leading to hybridization only to the central complementary 10
bases. This design was intended to decrease steric hindrance
upon binding to the immobilized biotin/streptavidin sensor as
well as provide symmetry for binding. The 10mer ssDNA
antisense sequence control that corresponds to the 10mer
OPNA antisense sequence is 3-GTAGATCACT-S".
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Table 1. Nucleotide Sequences of Antisense Strands Used in Kinetic Study”

Oligonucleotide Sequence Tm (°C)
OPNA-0 5-Fmoc-G T A G A i G A C  T-NH2 51
OPNA-1A 5-Fmoc-G T A G A5) T C A C  T-NH2 55
OPNA-1G 5-Fmoc-G T A G(5) A T € A C  T-NH2 53
OPNA-1C 5-Fmoc-G T A G A T (C(102) A C  T-NH2 59
OPNA-2A 5-Fmoc-G T A5G A T C A(5) C T-NH2 61
OPNA-3A 55Fmoc-G T A(5) G A(5) T C A(5) C T-NH2 66
OPNA-2A1C 5-Fmoc-G T A(5) G A(5) T (C(102) A C T-NH2 69

“Bold: OPNA modification sites, modification types in parenthesis. “Thermal melting temperature: T,

OPNA Synthesis. OPNAs were produced by OliPass
Corporation as 10mer peptide nucleic acids complementarily
binding a 10mer DNA sequence. The sequence of the
oligonucleotide was chosen for experimental exploration and
not intended to have a genetic correlation. In brief, OPNAs
were synthesized by solid phase peptide synthesis (SPPS) on
an automatic peptide synthesizer (Tribute, Protein Technol-
ogies Inc) by Fmoc-chemistry based on the method disclosed
in a patent disclosure.”® H-Rink Amide ChemMatrix resin was
purchased from PCAS BioMatrix Inc. (Quebec, Canada) and
was used as a solid support. After synthesis, each OPNA was
purified by C18-reverse phase HPLC (water/acetonitrile with
0.1% TFA) and identified using high-resolution mass
spectrometry. A detailed OPNA synthetic procedure is
described in the Supporting Information. The 10mer OPNAs
used in this experiment are PNA oligomers possessing the
general oligomer structural features, as shown in Figure 1A.
OPNA oligomers were synthesized with natural nucleotide
bases (A, G, C, and T) and unnatural amino-alkyl modified
nucleobases having a primary amine group. Three unnatural
modified nucleobases A(S), C(102), and G(5) used in this
study are shown in Figure 1B. Figure 1B shows the structure of
the basic OPNA monomer unit. The OPNA sequences used in
this study are described in Table 1, for example, as [(N — C)
Fmoc-GTA(S)GA(5)TC(102)ACT-NH,] for OPNA-2A1C,
wherein the PNA monomers marked with parenthesis are the
monomers with an unnatural nucleobase having a basic
primary alkyl amine group covalently tethered. OPNA are N-
term-protected with Fmoc to prevent possible intramolecular
cyclization leading to truncated OPNA. The calculated and
observed molecular weights are shown in Supplementary Table
S4.

Modified OPNA Monomer Synthesis. A(5), C(102),
and G(5) synthesis are described in the Supporting
Information.

Surface Plasmon Resonance Kinetics and Analysis. All
SPR experiments were carried out using a Sartorius Pioneer FE
(Sartorius BioAnalytical Instruments, Inc., Fremont, CA) and
streptavidin (SADH) biosensors from FortéBio (Part #19-
0130). Experiments utilized a consistent running buffer
composed of HBS-T (HEPES-buffered saline, 10 mM
HEPES, 150 mM NaCl, pH 7.4 with 0.005% Tween-20). To
prevent buffer mismatch response upon sample injection, all
samples were diluted from a concentrated deionized water
stock into this running buffer such that the difference in buffer
composition was negligible. Buffers were filtered using 0.45 ym
pore filters prior to use.

All experiments began with priming the system with running
buffer three times, followed by installation of the streptavidin
(SADH) sensor chip. All three flow cells were checked for
alignment of the SPR angle. The sensor was conditioned using
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50 mM NaOH in deionized water over all flow cells at 50 uL/
min for 1 min. The biotinylated 12-mer sense strands were
immobilized to the surface of the flow cell 1 (FC1) by manual
injection of 100 nM solution at 10 yL/min until a capture
response of approximately 60—70 RU was seen. FC2 was used
as a reference cell with no target immobilized. To block any
potential unreacted streptavidin sites, 20 uM biotin (Aldrich,
CAS #58-85-5) in running buffer was flowed over all cells
(FC1, FC2, and FC3). Buffer solution was injected over all
flow cells at 50 uL/min for 30 s twice prior to running any
assay to ensure that responses were consistent and that the
signal returned to baseline following injections.

Dilution series of all analytes to be tested were made such
that two-fold, five-point concentration ranges were made in
running buffer unless otherwise specified. The appropriate
concentration range for each analyte was determined via initial
manual injection experiments (data not shown). Experiments
were run in succession on the same flow cell at 50 yL/min,
with 180 s for analyte injection and approximately 300—600 s
for dissociation (unless otherwise noted). Each injection cycle
was followed by injection of 10 mM HCI for 30 or 60 s to
regenerate the surface as was determined from trials of manual
injections to re-establish the original baseline. Each experiment
conducted was performed at least in duplicate, and reported
analytical data represent an average of these experimental
results.

All data were obtained using Pioneer Instrument Software
version 4.3.1, build 32. Analysis of sensograms to obtain the
RU binding amplitude, on rates, off rates, and affinity
measurements was performed using Qdat Data Analysis
Tool, version 4.3.1 build 2. All curves were fit to a bimolecular
reaction using the global nonlinear least squares regression
Analysis Tool, first for only the off rate, then the off rate was
fixed once to help solve for the on rate before finally global
fitting on rates, off rates and RUmax.

UV Thermal Melt T, Measurement of OPNAs. The
10mer OPNA oligomers in Table 1 were evaluated for their
binding affinity for the complementary 10mer DNA by
measuring T, values as described below. A mixed solution of
4 uM 10mer OPNA oligomer and 4 M complementary
10mer DNA in 4 mL aqueous buffer (pH 7.16, 10 mM sodium
phosphate, 100 mM NaCl) in a 1S mL polypropylene falcon
tube was incubated at 90 °C for a minute and slowly cooled to
ambient temperature. Then, the solution was transferred into a
4 mL quartz UV cuvette and the absorbance measured at 260
nm on a UV/visible spectrophotometer (Agilent 8453 UV/
visible) while increasing the temperature by 0.5 or 1 °C/min.
The sense single strand 10mer DNA for T\, measurement were
purchased from Bioneer (www.bioneer.com, Dajeon, Republic
of Korea) and used without further purification. The observed
T,, values (uncorrected) for the OPNA derivatives hybridized

https://doi.org/10.1021/acsomega.3c03184
ACS Omega 2023, 8, 33426—33436


https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c03184/suppl_file/ao3c03184_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c03184/suppl_file/ao3c03184_si_001.pdf
http://www.bioneer.com
https://pubs.acs.org/doi/10.1021/acsomega.3c03184?fig=tbl1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03184?fig=tbl1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c03184?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

Table 2. Nucleotide Sequences of the Complementary Antisense Strand and Biotin-Immobilized ssDNA Sense Strand”

Code Oligonucleotide Description

Nucleotide Sequence

AS-OPNA 10mer

Antisense Strand with OPNA Modifications

5'- GTAGATCACT - 3'

Sens-b-ssDNA-2Mut  Sense 5'-Biotin-ssDNA 12mer 2Mut (8 bpc)
Sens-b-ssDNA-1Mut  Sense 5'-Biotin-ssDNA 12mer 1Mut (9 bpc)
Sense 5'-Biotin-ssDNA 12mer WT (10 bpc)

Sens-b-ssDNA-WT

3'- G-ATTCTAGTGA-C- 5'
3'- G-AATCTAGTGA-C- 5'
3'- G-CATCTAGTGA-C- 5'

“Bold: OPNA antisense strand with all modification sites; underline: mutation sites on the immobilized biotin sense strand; italic: added spacer

nucleotides, no complementary OPNA base.

to the 10mer ssDNA are provided in Table 1. Experiments
performed with 1 and 2 mutations in the Sense ssDNA and
selected OPNA designed to evaluate the specificity of binding
are described in the Supplementary Information section. A
thermal UV melt assay designed to evaluate the T,
dependence with increasing sodium chloride is presented in
the Supplementary Information section. T, measurements
were performed using GraphPad Prism and a two-state
unfolding model fitting for T, and native, unfolded baselines.
Additional information is in the Supplementary Information
section.

B RESULTS AND DISCUSSION

OPNA Chemistry. Peptide nucleic acids (PNA) are a novel
class of artificial nucleic acids developed by Nielsen et al, in
1991.° Despite its attractive properties resembling natural
DNA or RNA, PNA oligomers have never been developed as
therapeutic agents due to poor cell permeability and
physicochemical properties. To overcome these limitations,
there have been several different approaches to modify PNA
such as covalent incorporation of cell penetrating peptides and
incorporating PNA monomer(s) with a backbone of positively
charged 2-aminoethyl-lysine or 2-aminoethyl-arginine in place
of 2-aminoethyl glycine.'"”'®*” OliPass PNA (OPNA) is a
chemically modified PNA which is composed of original/
unmodified monomers and modified monomers possessing
nucleobases covalently linked with a positively charged group
such as an amino-alkyl moiety (Figure 1). One of the
advantages of adding the amino-alkyl moiety to the nucleobase,
rather than the PNA backbone, is that the resultant
compounds remain achiral. In addition, since there are no
stereoisomers, the OPNA monomers easily increase structural
diversity. Importantly, the cationic/amino-alkyl character of
the OPNA may allow it to be passively embedded into the cell
membrane through electrostatic interactions with anion
moieties on the surface of cell membranes. Once embedded
in the cell membrane, an OPNA may localize inside via
presumably passive diffusion or endocytosis. Table 1 shows the
OPNA oligomers used in this study.

Confirmation of heterodimerization between the OPNA
ASO and the corresponding ssDNA sense strand was
performed first by thermal shift assays and then by surface
plasmon resonance (SPR) kinetics. The T,, values for the
OPNA-ssDNA studies using the WT Sense ssDNA 10mer
strand (3’-CATCTAGTGA-5', Table S1) are shown in Table
1. The thermal stability increases with increasing amino-alkyl-
base modification (51 to 69 °C). Experiments were also
performed with 1 and 2 mutations in the Sense ssDNA and
selected OPNA to evaluate the specificity of binding (Table
S1). Table S2 in the Supporting Information section shows
that both OPNA-1A and OPNA-1C have a decrease of —9.6
and —8.1 °C, respectively, binding to a ssDNA sense strand
with 1 internal mutation and a larger decrease of —17.9 and

—15.6 °C binding to the sense strand with two internal
mutations. The triple cation modification OPNA-2A1C
decreases —19.2 °C binding to the 1 internal mutation sense
strand. These studies suggest that despite the amino-alkyl
substitutions and apparent high affinity, the OPNA are
sensitive to mismatch sequences which should contribute to
specificity of binding.

Hybridization Kinetics of the Cationic/Amino-Alkyl-
Base-Modified PNA Antisense Strand to ssDNA Sense
Strand. A series of SPR kinetic studies were performed to
evaluate the kinetics and thermodynamics of hybridization of
seven AS OPNA oligonucleotides (Table 1) to immobilized
biotinylated sense strand ssSDNA to determine if the base-
substituted amino-alkyl modifications have unfavorable or
favorable effects on the kinetics.”’ The binding of AS OPNA to
the complementary sense strand was achieved by flowing the
OPNA over an immobilized 5'-biotin-labeled ssDNA sense
strand bound to a streptavidin sensor. Table 2 shows the
different 5'-biotin sense strands used in the experiments. Each
of the §'-biotin sense strands was designed to have the OPNA
10mer bases bind to a 12mer DNA sequence where a single
nonsense base was added to the 3’ and §' ends leading to
hybridization only to the central complementary 10 bases.
Initial kinetic studies were performed measuring the kinetics of
the 10mer ssDNA-Cntrl control to the sense sequence Sense-
b-ssDNA-WT that contained all 10 of the complementary
nucleotide bases. Binding of the ssDNA-Cntrl AS (sequence
5'—=>3' GTAGATCACT) to the immobilized wild-type sense
strand resulted in an association rate, k,, and dissociation rate,
kg, of 6.5 X 10* M™! 57" and 4.6 X 1073 57/, respectively, at 20
°C. The hybridization equilibrium dissociation constant (Kj)
was calculated from the ratio ky/k, and has a moderate binding
affinity of Ky = 72 nM (20 °C, data not shown). Kinetic studies
with the PNA control (OPNA-0) binding to the wild type
DNA biotin-sense strand (Sense-b-ssDNA-WT, containing the
full 10 nucleotides that can complement with OPNA), bound,
however, with a very high affinity (K3 < $ nM) at 30 °C and
essentially irreversibly at 20 °C with a kg < 1 X 107 s (half-
life t,, > 19 h). Because the curves associated with binding did
not reflect reversible two-state binding, neither the binding
rates nor the binding constant could be determined accurately
for the OPNA ASO (data not shown).

Binding studies were then performed using one or two 3’
mutations on the 3’ end of the Sense-b-ssDNA-WT
complementary sequence (Table 2). Preliminary studies
showed that very good association and dissociation binding
curves could be generated at both 20 and 30 °C using two
terminal mutations on the 3’ end of the immobilized sense
strand, referred to as Sense-b-ssDNA-2Mut. Table 2 shows
that the two 3’ mutations replace the terminal wild type
sequences 3’-CA with 3’-AT which prevents base pairing with
the 5" OPNA sequence of 5’-GT. It should also be noted that
these two mutations do not prevent hybridization to any of the
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Table 3. OPNA SPR Binding Kinetics to Sens-b-ssDNA-2Mut (Hybridization to 8 Complementary Base Pairs)

20°C 25°C 30°C
Analyte k, X10° (Ms%) kg X10° (s°1) Ky (nM) k, x10% (M2s) kg x10° (s) Ky (nM) k, X10°(M1s) k4 x10°3 (s2) K4 (nM)
OPNA-0 0.4 =0.04 1.7+0.1 43.0+£2.3 0.84 = 0.04 7.8+0.6 93.0x12 21%0.6 30.=1.0 14011
OPNA-1A 31+11 0.37£0.2 1.2+04 7.3+0.71 24+0.1 3.3+0.2 8.0=19 8.6=0.5 11+2
OPNA-1G 29+08 1.1+0.1 3.8+0.7 6.3=0.6 5.0+£0.3 79%0.2 59+13 19.+ 1.0 357
OPNA-1C 23+0.9 0.32+0.05 1.4+0.7 6.2+2.9 21+0.4 34+1.1 7.2+3.0 6.4+1.6 9£2
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Figure 2. OPNA SPR hybridization kinetics to Sens-b-ssDNA-2Mut. (A) OPNA-0 control PNA titration; (B) OPNA-1A titration; (C) OPNA-2A
titration; (D) OPNA-2A1C titration. Titration concentrations for OPNA-0 were 2-fold dilutions of 62.5 to 1000 nM (bottom to top curve).
Titration concentration for OPNA-1A was 6.25 to 100 nM (bottom to top curve). Concentrations for OPNA-2A were 1.5, 3, 6 nM and for OPNA-
2A1C were 1.5, 3 nM. Titrations performed at 30 °C. The red line is the global nonlinear least squares fit; values in Table 3.

OPNA nucleotides that have amino-alkyl-base modifications,
and it is expected that the kinetic results using the OPNA-
modified strands should not be greatly influenced by the
adjacent two 3’-sense strand mutations. The binding affinity of
the 10mer ssDNA-Cntrl control to the Sense-b-ssDNA-2Mut,
which can hybridize to only 8 base pairs, was much weaker
than that observed for the wild type Sens-b-ssDNA-WT
containing a 10 base pairs consensus sense stand. Table 3
shows that the K for ssDNA-Cntrl binding to Sense-b-ssDNA-
2Mut was 2.6 uM and the rate constants k, and k; were 1.7 X
10° M~ s7! and 0.45 s7!, respectively, at 20 °C. The primary
effect on the kinetics when hybridizing to 2 fewer nucleotides
is an ~100-fold increase in the rate of dissociation. The k, rate
is very similar (~1 X 10° M™' s7") to that reported by others
measuring 9 to 16émer DNA/DNA hybridization and
demonstrates that association rates are not strongly dependent
on the length of nucleotide base pair types.””**~* The values
of dissociation rates, however, are very dependent on the
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length and nucleotide sequence and have been reported to vary
100—1000-fold for short 10—14mer ASO.”"*

The first set of experiments for the OPNA oligonucleotides
binding to Sense-b-ssDNA-2Mut was with the unmodified
PNA (OPNA-0) to compare to both the ssDNA-10mer
control and modified OPNA-1A, OPNA-1G, and OPNA-1C
oligomers. Figure 2A shows that the SPR kinetic binding
curves for OPNA-O has a good concentration-dependence
leading to a maximum response consistent with near saturation
of the immobilized Sense-b-ssDNA-2Mut (8 bp consensus)
target. One of the key experimental designs for these SPR
studies was to minimize the loading of the Sense-b-ssDNA-
2Mut strand to prevent a commonly observed mass transport
diffusion artifact that inhibits an accurate analysis of rate
constants.*”*> In these studies, the total load of Sense-b-
ssDNA-2Mut onto the sensor chip was kept at a minimum
where the mass loaded to the sensor provided only ~60 RU.
This low load would then minimize the mass transport issue
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Figure 3. Comparison of hybridization rate constants and affinity for ssDNA-Cntrl control, unmodified OPNA-0, and modified OPNA-1A, OPNA-
1G, OPNA-1C at 20 °C. (A) kq dissociation rates vs K affinity values (the dashed line is a visual aid, not a fitted line); (B) k, association rates.

and would produce a maximum signal upon full binding of the
ASO strands to the Sense-b-ssDNA-2Mut of only ~30 RU
which is exactly what is observed in Figure 2. Literature search
of previous SPR studies find that many of the early studies did
not use low immobilized target densities (eg, RU Loads
~3000 and RUmax ~2000) which may have affected the final
kinetic analysis and led to underestimating/overestimating
values.*® Confirmation that the bimolecular binding is a two-
state event and not influenced by mass transport diffusion is
supported by the very good bimolecular nonlinear least square
fit (solid red line in Figure 2A).

A global fit of the five curves indicated the binding affinity of
OPNA-0 to Sense-b-ssDNA-2Mut increased ~60-fold (K,
decrease to 43 nM) compared to the ssDNA-Cntrl control.
This increase in affinity was driven by a 260-fold decrease in
the k; dissociation rate and an ~4-fold decrease in the k,
association rate, as seen in Figure 3 (20 °C). The increase in
affinity for OPNA-0 compared to ssDNA-Cntrl is consistent
with previous observations and predicted to be due to the lack
of a negatively charged phosphate backbone for the PNA in the
OPNA-ssDNA complex as compared to the two-phosphate
backbone ion-ion repulsions that occurs for dsDNA com-
plexes. 474

SPR binding studies were performed to evaluate the effect
that nucleotide base amino-alkyl modifications had on the
binding affinity and hybridization kinetics to ssDNA. Three
OPNA strands containing only a single amino-alkyl mod-
ification on either adenine, guanine, or cytosine bases (Table
1) were studied. The SPR hybridization binding curves of
OPNA-0 vs OPNA-1A are shown in Figure 2. Visual
comparison of the binding curves of OPNA-1A to the
OPNA-0 nonmodified PNA (Figure 2) shows that there is a
clear decrease in the dissociation rate of the modified OPNA-
1A vs OPNA-0. Kinetic rates and binding affinity were
obtained from the global fit of each data set, and the results for
all 3 modified OPNA are shown in Figure 3 and Table 3. The
data in Table 3 indicate that the modified OPNA have a
significant 10—30-fold lower Ky vs the OPNA-0 control (20
°C). The higher thermal melting T,, for the modified OPNA
also correlate with higher affinity vs the OPNA-0 control
(Table 1). Figure 3A shows that the dissociation rate for the
OPNA-modified AS strands had an even more favorable ~2—5
fold slower k4 than OPNA-0 (e.g,, OPNA-1A 0.3 X 1073 s7" vs
OPNA-0 1.7 X 107 s7" at 20 °C). Figure 3A also shows that
the primary driver for the favorable Ky decrease from ssDNA-
Cntrl to the modified OPNA strands is due to an ~1000-fold
decrease in the dissociation rate as seen by the approximately
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linear correlation. In addition, the association rate, k,, for the
OPNA-modified strands increased 5—7-fold compared to
OPNA-0 (Figure 3B), suggesting that the addition of the
cationic/amino-alkyl modification helped promote binding.
The magnitude of the observed k, rates is consistent with that
observed by a wide range of kinetic studies performed with
short nucleotides.””*%*!#47 Together, the decrease in kg and
increase in k, for the OPNA-modified strands led to an ~10—
30 fold increase in affinity compared to the OPNA-0 PNA
control, Figure 3A.

While previous OPNA studies have demonstrated that
amino-alkyl modifications promote cell-based activity (unpub-
lished data) prior to this kinetic study, there was no
quantitative information on how the cation OPNA mod-
ifications of the bases might affect the affinity (K) of base
pairing and or double strand complex formation.”'~** These
current SPR kinetic studies suggest that hybridization with the
amino-alkyl modifications further promoted hybridization due
to more favorable dissociation and association rates. The fact
that the dissociation rate is slower for the modifications
compared to OPNA-0 suggests the alkyl extension or cationic/
amino group or both promotes interactions with the adjacent
ssDNA strand to stabilize the complex. Similarly, the increase
in the association rate for OPNA-modified strands suggest that
the cationic/amino-alkyl promotes a new interaction that
favors binding. This increase in affinity for the OPNA-modified
strands provides an additional rationale for introducing the
unique OPNA amino-alkyl group to the PNA oligomers in
addition to promoting favorable cell permeability. This has
proven to be a powerful combination and it has allowed the
OPNA-based molecule OLP-1002 to be advanced into phase
one and phase two human clinical trials.”***

Hybridization Thermodynamic Analysis. Performing
temperature-dependent kinetic binding studies provides insight
into the thermal stability of hybridization and identifies effects
on the association and dissociation rate constants which can
provide information on molecular interactions that drive the
dimerization event. SPR studies were performed at 20, 25, and
30 °C for OPNA-0, OPNA-1A, OPNA-1G, and OPNA-1C and
at 10, 15, and 20 °C for ssDNA-Cntrl, and the results are
shown in Table 3. Inspection of the k, values for each of the
ASO with respect to temperature shows that the k, rate for
each ASO is marginally sensitive to an increase in 10 °C (e.g,,
OPNA-1A 3.1 X 10° M™' s™" at 20 °C vs 8.0 X 10° M~ s7" at
30 °C). This relative insensitivity for the on rate is a common
observation reflecting that elevated solvent energetics is not
strongly dependent on diffusion and bimolecular recognition/

https://doi.org/10.1021/acsomega.3c03184
ACS Omega 2023, 8, 33426—33436


https://pubs.acs.org/doi/10.1021/acsomega.3c03184?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03184?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03184?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03184?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c03184?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

initiation at these moderate temperatures.’’ However, the
dissociation rate ky for each ASO increases exponentially with
temperature and is ~10- to 20-fold faster for each ASO at 30
°C versus 20 °C (e.g, OPNA-1A 0.37 X 107> s™" at 20 °C vs
8.6 X 107 s7' at 30 °C). The thermally sensitive molecular
interactions that lead to increased dissociation rates are due
primarily to the weakening of base pair hydrogen bonds, dipole
stacking interactions, and increased fraying of the S’ and 3’
ends. The thermal effects on k, and k, are consistent with other
DNA-DNA and PNA-DNA hybridization systems.*”*"

The equilibrium dissociation constants (Kj) calculated from
the SPR hybridization rate constants for experiments
performed at different temperatures are presented in Table 3
for each of the OPNA. As seen for OPNA-IA the affinity
decrease with increasing temperature from 20 to 30 °C (1.2 to
11 nM, respectively) is consistent primarily with the fold
increase in the dissociation rate, k. The average fold change in
K for all 4 OPNA from 20 to 30 °C is ~3 to 10-fold. While
these temperature-dependent changes in kinetic rates and
affinity can provide insight into the molecular interactions
mediating the hybridization (e.g., 3-D diffusion, base pair
formation/initiation and hybridization zippering, and con-
firmation of 2-state bimolecular binding),”® information
regarding the energetic contributions toward hybridization
can be provided by calculating the free energy of binding, AG,
as well as the enthalpy, AH, and entropy of binding, AS, with
the relationship AG = AH — TAS describing the full
thermodynamic relationship. The free energy is also a function
of the equilibrium association binding constant (K,), AG = —
RTIn(K,), where the association binding constant K, can be
calculated from the kinetic derived affinity 1/Ky R is the
universal gas constant, and T is the temperature in Kelvin.

A full thermodynamic characterization of the hybridization
reactions can be determined using the van’t Hoff Plot that
linearizes the relationship of K, to inverse temperature giving
In(K,) = —AH/RT + AS/R which enables the determination
of both the enthalpy and entropy of binding from the
temperature-dependent SPR kinetic experiments. Figure 4
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Figure 4. Van't Hoff plot to calculate enthalpy and entropy values
from the ASO hybridization kinetic studies. Circle: OPNA-0; Square:
OPNA-1A; Up Triangle: OPNA-1G; Diamond: OPNA-1C; Down
Triangle: ssDNA-10mer. Equilibrium association constant (K,)
derived from the Kj value shown in Table 3. Enthalpy and entropy
values for each ASO derived from the linear plots are reported in
Table 4.

shows the van’t Hoff plot and graphically indicates a linear
relationship between In(K,) and the inverse temperature
which, because the response is linear, permits calculations of
the enthalpy, AH, and entropy, AS, of hybridization when the
AG, is approximately zero. Table 4 shows the van’t Hoff Plot-
derived AH, AS, and corresponding calculated AG for each of
the OPNA ASO and ssDNA-Cntrl at three temperatures. The
entropy contribution to the free energy, —TAS, for OPNA-0,
OPNA-1A, OPNA-1G, and OPNA-1C shown in Table 4 are
+45, +114, +116, and +62.9 kJ/mol, respectively, at 20 °C.
These entropy terms are unfavorable energetically and likely
due primarily to the induced conformational constraint of the
unstructured flexible single strand upon formation of the
constrained double-strand helical structure as well as solvent
effects. Similar unfavorable entropy values are seen for classical
dsDNA complexes as seen for the ssDNA-Cntrl in Table 4 and
has also been observed for other thermodynamic studies for
both DNA—DNA and PNA-DNA hybridization.*”*"*'7>* It is
interesting that the —TAS entropy values for the OPNA
modified ASO are less favorable than OPNA-0 which may
suggest that there is an additional unfavorable loss of degrees
of freedom for the amino-alkyl polymer upon forming an
OPNA-DNA double strand complex.

A comparison of the entropy and enthalpy values in Table 4
clearly indicates that enthalpy of binding, AH, promotes
overall double strand hybridization for all of the ASO studied.
The DNA—DNA hybridization AH for the AS control ssDNA-
Cntrl (8 bases pairs complementing to the Sense-b-ssDNA-
2Mut) has a value of —151 kJ/mol which compares well to the
nearest-neighbor thermodynamic prediction model by Santa-
Lucia et al. with a predicted AH of —214 kJ/mol for the same
8mer sequence.’””> A thermodynamic 10mer study by
Schwarz et al., observed hybridization AH values for different
DNA—-DNA sequences of —120 to —220 kJ/mol. In the same
study, they measured the enthalpy of binding for the same
sequences of PNA-DNA complexes and found AH values of
—90 to —128 kJ/mo."”*> No clear explanation has been
identified for these PNA lower AH values.

Figure 5 shows that the AH values for the amino-alkyl
modified OPNA are significantly larger than the OPNA-0 PNA
control. The AH for OPNA-1A and OPNA-1G (—16S and
—164 kJ/mol, respectively) are twofold larger than OPNA-0
(—86 kJ/mol), suggesting that the similar amino-alkyl
modification in OPNA-1A and OPNA-1G (Table 1: A(S),
G(S)) provides unique favorable interactions for the overall
hybridization event. When normalized by the number of base
pairs per heterodimer (8 for the Sense-b-ssDNA-2Mut sense
strand), the enthalpy of binding per base pair of OPNA-0,
OPNA-1A, OPNA-1G, and OPNA-1C is —10.7, —20.6, —20.5,
and —14 kJ/mol, respectively. These favorable enthalpies per
base pair values represent the stabilizing energetics that
originate from the 2 or 3 Watson-Crick Hydrogen bonds for
A:T and G:C pairs, respectively, base pair / base pair dipole
stacking energetics, as well as an unknown stabilizing
interaction from the alkyl-cation modification. Finally, the
observation that the OPNA cationic/amino-alkyl modifications
provide an increase of approximately —80 kJ/mol for the AH
per OPNA-DNA complex along with favorable kinetics
involving slow dimer dissociation provides evidence, for the
first time, that the addition of cationic/amino-alkyl-base
modifications to PNA ASO provides not only an advantage
toward improved cell permeability through the introduction of
cations on nucleotide bases but also a thermodynamic
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Table 4. Kinetic-Derived Thermodynamic Characterization of Hybridization (8 Base Pair Hybridization)

20°C 25°C 30°C
AH -TAS AG -TAS AG -TaS AG

Analyte  (kJ/mol)’ AS (J/molK)’ | (kJ/mol) (kJ/mol)° K, (nM)° | (kJ/mol) (kJ/mol)° K4 (nM)°| (ki/mol) (kJ/mol)° K, (nM)°
OPNA-0 -86+4 -155 +14 45.6 -41.2 46.0 46.4 -40.4 83.6 471 -39.6 149.0
OPNA-1A -165+11 -390 +37 114.3 -50.2 11 116.3 -48.3 3.5 118.2 -46.3 104
OPNA-1G -164 +20 -396 *66 116.0 -47.7 3.1 118.0 -45.7 9.7 120.0 -43.8 28.8
OPNA-1C -112 22 -215 73 62.9 -49.1 1.8 64.0 -48.0 3.9 65.0 -46.9 8.2
ssDNA-Cntrl  -151+7 -408 +23 120 -31.4 2,545 122 -29.4 7,194 124 -27.3 19,648
Nearest Neighbor Predicted AH and AS
for ssDNA 8mer binding sequence®
ssDNA 8mer” -214 -619.0 181 -32.9 1,350 185 -29.8 4,807 188 -26.8 17,115

“Experimental thermodynamic values calculated using the AH and AS from the van’t Hoff Plot; binding to sense-b-ssDNA-2Mut for an 8mer
complementary sequence. “Theoretical prediction using the nearest neighbor model for only 8 complementary nucleotides (sequence that binds to
the Sens-b-ssDNA-2Mut). “AG and K values calculated from AH and AS values (Ky values are not from Table 3).
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Figure S. Van’t Hoff-derived enthalpy of ASO hybridization to the
Sense-b-2Mut ssDNA. The OPNA-0, OPNA-1A, OPNA-1G, and
OPNA-1C data were derived from Table 4. The lower dash-dot line
represents the AH for the ssDNA-Cntrl control (—151 kJ/mol). The
dark dashed line at the top is the predicted Nearest Neighbor AH
(=214 kJ/mol) for an 8mer ssDNA binding to the 2Mut -ssDNA
sense strand.

advantage increasing overall hybridization affinity compared to
PNA ASO. While no specific molecular mechanism has been
identified that explains the approximate —80 kJ/mol increase
in favorable AH with an amino-alkyl modification, its
magnitude is consistent with that expected for a favorable
ion-ion electrostatic interaction between the OPNA cationic/
amino-alkyl group and a phosphate from the paired ssDNA
perhaps, suggesting that the base cation can extend to the
DNA phosphate backbone or form a salt bridge.*® Thermal UV
melt experiments were performed with OPNA-1A and OPNA-
1C to determine if association is salt-dependent. Table S3
shows that OPNA-1A and OPNA-1C have a decrease in T,
thermal stability, —4.9 and —8.1 °C, respectively, when the
buffer has 100 mM sodium chloride vs 900 mM sodium
chloride in 10 mM sodium phosphate, pH 7.0. The noncation
OPNA-0 T, decreased —2.6 °C. This result suggests that the
cation may interact in an ionic electrostatic interaction with the
phosphate backbone of the ssDNA sense strand.

Estimates of the affinity for oligonucleotide hybridization at
37 °C can provide important information on the values of
dissociation rate constants, kg, and dissociation half-life (¢,,,)
which are factors determining the residence time that the ASO
is bound to the intracellular target sense strand at physiological
temperatures. Using the AH and AS for each OPNA the Ky
calculation at 37 °C for OPNA-0, OPNA-1A, OPNA-IG,
OPNA-1C binding to the 8 base pair sense strands are 323, 38,
116, and 23 nM, respectively. Using these Ky values and
assuming a k, value of 7 X 10° M~ s' (average for the k,
values at 30 °C), the k; dissociation rate values increase
significantly from 30 to 37 °C for OPNA-0 from 30 X 107 to
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220 X 107 57! (t;), 3 s), OPNA-1A from 8.6 X 107 to 26 X
107 57" (5, 26 s), OPNA-1G from 19 X 107> to 81 X 107°
s (t1, 8 s), and OPNA-1C from 6.4 X 10 to 16 X 107> s™"
(ti, 42 s). These high rates of dissociation may not be
desirable for an ASO drug at physiological temperature, and
this is an example of how DNA ASO kinetic and
thermodynamic studies, as presented here, can provide
guidance on optimizing both kinetic and affinity properties
in a preclinical setting as well as justify developing PNA-like
antisense drugs. One strategy to achieve higher affinity is to use
longer oligomers. Another strategy to achieve improved affinity
is to incorporate more than one amino-alkyl-base modification
per PNA strand which is described below.

Kinetics of Multiple OPNA Cationic/Amino-Alkyl-Base
Modifications. The addition of a single cationic/amino-alkyl
modification demonstrates multiple advantages in enhancing
AS hybridization including increasing the affinity, a propor-
tional decrease in the dissociation rate, promoting favorable
enthalpy of binding (AH), and improved cell permeability.
Studies were performed to also explore the effect multiple
modifications would have on AS hybridization. Table 1 lists 3
additional OPNA modifications including incorporating 2
Adenine modifications in one strand (OPNA-2A), 3 Adenine
modifications in one strand (OPNA-3A), and 2 Adenine and 1
Cytosine modification in one strand (OPNA-2A1C). Figure
2C,D shows that the hybridization SPR curves of OPNA-2A
and OPNA-2A1C at 30 °C are very different compared to
OPNA-0 and OPNA-1A. OPNA-2A and OPNA2AIC have
association phases that are nearly linear and have dissociation
phases that are very slow and look “irreversible”. Experimental
concentrations were varied to try and enhance binding
curvature, but none were successful. The nature of these
curves is typical for a tight binding interaction with a slow off
rate and rather than fit both the association rate and
dissociation rate the curves were fit for only the “apparent”
k4 to the dissociation curve. The ky fit to the data is shown in
Figure 2C,D, and the values for these two OPNA and the
OPNA-3A are shown in Table 3 at 30 °C. Binding studies were
unsuccessful at 20 and 25 °C because the dissociation was even
slower (essentially flat) and unable to fit an accurate ky value.
The k4 rates from Table 3 are plotted in Figure 6 and
demonstrate that there is an approximate logarithmic decrease
in the kg with an ~100-fold change from 0 modifications
(OPNA-0, k; 30 X 1073 s™') to 3 modifications (OPNA-3A, k4
0.27 X 107 s7'), resulting in an ~3—10-fold decrease in the
dissociation rate per amino-alkyl modification added at 30 °C.
In this figure, both OPNA with 3 modifications (OPNA-3A
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1%100 results provide additional reasons to develop these amino-
1%101] -.. alkyl-based modified OPNA as antisense oligos.
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Figure 6. Dependence of the dissociation rate on the number of
OPNA alky-cation modifications. Triangle-up: OPNA-0; Square:
OPNA-1A; Triangle-down: OPNA-2A; Circle: OPNA-3A; Diamond:
OPNA-2A1C.

and OPNA-2A1C) have a similar k; even though one has
three adenine modifications and the other 2 adenine and 1
cytosine modification which suggest that the 1A(S) and
1C(102) chemical type of modifications has similar kinetic
properties (also similar for OPNA-1A and OPNA-1C). The
slower dissociation rate for the amino-alkyl modifications
compared to OPNA-O suggests the alky or cation or both
promotes favorable interaction with the adjacent ssDNA strand
to stabilize the complex including possible ionic-ionic
interactions with the cationic/amino-alkyl and phosphate
backbone of ssDNA or salt bridge. Based on the decrease in
kq trends above, it is likely that the addition of 3 modifications
will also favorably increase the affinity >30-fold compared to
the OPNA-1A modification. Assuming a 3 modification OPNA
has a ky value of ~0.3 X 107 s™" (£, 2300 s, 38 min) at 30 °C
and a k, ~ 10° M~ 57!, the predicted K; values would be
approximately 0.3 nM. These results suggest that the unique
cationic/amino-alkyl design of OPNA along with the addition
of multiple modifications and longer oligonucleotide lengths
might result in very potent picomolar affinity ASO at
physiological temperatures, thus enhancing their role in
antisense therapy applications.

B CONCLUSIONS

Antisense technology has begun to show value in treating a
wide range of diseases. One of the limitations toward using
PNA antisense oligomers more widely is the fact that the PNA
oligomers have low cellular permeability and require high
concentrations as well as vehicle formulations to improve
permeability. OPNA AS contain amino-alkyl-modified nucleo-
tide bases and have improved cellular permeability. In this
study, we have performed a systematic kinetic and thermody-
namic analysis of OPNA-DNA hybridization to determine
what effect the cationic/amino-alkyl modifications might have
toward the formation of a stable complex. The kinetic studies
demonstrated that a single amino-alky modification can reduce
the kq by ~2—S fold and along with increases in k, can increase
the affinity by 10—30 fold. Kinetic studies with OPNA
containing up to 3 amino-alkyl modifications per strand
reduced the kg by ~100-fold compared to OPNA-0 PNA
control and likely increases the overall apparent affinity of
OPNA-DNA by a similar fold (consistent with elevated
thermal shift T,, values). The results from the temperature-
dependent kinetics indicate that there is a strong increase in
favorable AH (additional —80 kJ/mol vs OPNA-0). This
favorable interaction suggests that the cationic/amino-alkyl
modification of the OPNA makes favorable interactions with
the ssDNA strand. Together, these kinetic and thermodynamic

individual amino-alkyl modified nucleic acid units; and
oligo-OPNA synthesis as well as HPLC, NMR, and mass
spectroscopy data (PDF)
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