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ABSTRACT: Antisense strategies that target DNA·RNA hybrid structures offer potential for the
development of new therapeutic drugs. The α-sarcin loop region of the 16S rRNA domain has been
shown to be a high value target for such strategies. Herein, aminoglycoside interaction with three
RNA·DNA α-sarcin targeted duplexes (rR·dY, rR·S-dY, and rR·2′OMe-rY) have been investigated
to determine the overall effect of aminoglycoside interaction on the stability, affinity, and
conformation of these hybrid duplexes. To this end, UV thermal denaturation, circular dichroism
spectroscopy, fluorescence intercalator displacement, and ITC as well as DSC calorimetry
experiments were carried out. The results suggest the following. (1) Of all the aminoglycosides
studied, neomycin confers the highest thermal stability on all three hybrid duplexes studied. (2)
There is no appreciable difference in aminoglycoside-induced thermal stability between the
unmodified rR·dY and phophorothioate modified rR·S-dY duplexes. (3) The rR·2′OMe-rY duplexes
thermal stability is slightly less than the other two hybrids. (4) In all three duplexes, aminoglycoside-induced thermal stability
decreased as the number of amino groups decreased. (5) CD scans revealed similar spectra for the rR·dY and rR·S-dY duplexes as
well as a more pronounced A-form signal for the rR·2′OMe-rY duplex. (6) FID assays paralleled the CD results, yielding similar
affinity values between the rR·dY and rR·S-dY duplexes and higher affinities with the rR·2′OMe-rY duplex. (7) The overall
affinity trend between aminoglycosides and the three duplexes was determined to be neomycin > paromomycin > neamine >
ribostamycin. (8) ITC Ka values revealed similar binding constants for the rR·dY and rR·S-dY duplexes with rR·dY having a K1 of
(1.03 ± 0.58) × 107 M−1 and K2 of (1.13 ± 0.07) × 105 M−1 while rR·S-dY produced a K1 of (1.17 ± 0.54) × 107 M−1 and K2 of
(1.27 ± 0.69) × 105 M−1. (8) The rR·2′OMe-rY produced a slightly higher binding constant values with a K1 of (1.25 ± 0.24) ×
107 M−1 and K2 of (3.62 ± 0.18) × 105 M−1. (9) The ΔTm-derived KTm of 3.81 × 107 M−1 for rR·S-dY was in relative agreement
with the corresponding K1 of 1.17 × 107 M−1 derived constant from the fitted ITC. These results illustrate that the increased
DNA·RNA hybrid duplex stability in the presence of aminoglycosides can help extend the roles of aminoglycosides in designing
modified ODNs for targeting RNA.

Aminoglycoside antibiotics are an important class of drugs
which can be used to target specific RNA sequences. The

main bactericidal activity is achieved through codon misreading
after binding to the rRNA1−6 as well as inhibition of
translocation.7,8 A variety of RNA molecules are known to
interact with aminoglycosides, and they include ss RNA (poly
A),9 group I introns,10 ribonuclease P RNA,11 hairpin
ribozyme,12,13 hammerhead ribozyme,14−16 hepatitis delta
virus ribozyme,17,18 untranslated region of thymidylate synthase
mRNA,6 and both Rev response element and transactivating
response element RNA motifs of HIV-1.19−21 Aminoglycoside
binding to HIV-1 RNA22,23 prevents binding of the cognate
viral proteins Tat and Rev to TAR19 and RRE,24 respectively.
Telomerase inhibition has been achieved by targeting the hTR
RNA component of the enzyme via formation of an RNA·DNA
hybrid.25 The polypurine tract (PPT) of HIV and other
retroviruses is essential during retroviral replication and remains
as a potential target for antisense therapeutics. The RNA is
digested by viral RNase H except at the polypurine tract, where
an RNA·DNA hybrid resists hydrolysis and the RNA serves as a
primer for the second strand DNA synthesis.26,27

Recently, remarkable stabilization of DNA/RNA hybrid
triplexes in the presence of various aminoglycosides has been
reported.28−30 Neomycin has also been identified as the best
known DNA/RNA/hybrid duplex and triplex stabilizing groove
binder.29 While DNA triple helices were significantly stabilized
by neomycin, the double-helix component of the triplex formed
through Watson−Crick base pairing was virtually unaf-
fected.28,30 Conjugation of aminoglycosides to nucleic acid
binding planar moieties has been used to develop potent and
selective ligands that bind to DNA·RNA hybrids,31,32 DNA
triplexes,33−37 DNA quadruplexes,38,39 and DNA duplexes.40−44

As known major groove binders,45 increased aminoglycoside
binding affinity has been directly correlated with a decrease in
major groove width.46 Conversely, neomycin homodimers47

have also been shown to exhibit high affinity for A−T-rich B-
form sequences.48 In light of the expanding platform for
aminoglycoside development into new and diverse target
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genres,49the path is clear for the application of effective
strategies to control gene expression through the inhibition of
crucial steps in translation, slicing, or activation of RNase H.50

Within the functionally active 16S rRNA domain, the A-
site51−55 and α-sarcin loop region are critical targets for halting
protein synthesis.56−58 The binding of aminoglycosides to the
ribosomal A-site has been shown to cause an improper
selection of aminoacyl-tRNA during elongation as well as
translocation inhibition. A similar breakdown in ribosomal
function has been linked to the α-sarcin-catalyzed hydrolysis of
the phosphodiester bond that links the eighth and ninth
residues within the α-sarcin loop.59 This cleavage prevents the
proper formation of elongation factor aminoacyl-tRNA
complexes and results in the termination of protein synthesis.51

The importance of this single phosphodiester linkage
emphasizes the significance of the α-sarcin loop as an attractive
target for antisense oligonucleotides. As such, the potential for
development of novel therapeutic antisense strategies that
target the α-sarcin loop is great.
The successful application of antisense oligonucleotide

strategies depends upon such factors as the drug’s stability
toward cellular nucleases, ability to activate RNase H when
hybridized to mRNA, and intracellular uptake. In order to
achieve the above criteria, a variety of backbone and sugar
modifications have been explored. Among them, the phosphor-
othioate modified S-DNA (S-dY) exhibits the most efficient
intracellular uptake when compared to other modified
oligonucleotides including peptide nucleic acids, 2′-O-methyl,
and methylphosphonate oligonucleotides.60−65 Additionally, S-
DNA has been shown to activate transcription factors66 and
targets a variety of proteins such as growth factors and
receptors.67−69 Thus, phosphorothioate oligonucleotides were
among the most important first generation antisense
therapeutics to proceed to clinical trial stage.70 However, the
duplex stability of S-DNA with DNA and RNA has been
reported to be less than its DNA counterpart.71−76

Our results describing aminoglycoside stabilization of hybrid
duplexes77−80 as well as neomycin assisted delivery of plasmid
DNA and oligonucleotides,81 in conjunction with the reported
potential applications of S-DNA oligonucleotides in antisense
therapeutics, prompted us to further explore the efficiency of
aminoglycoside stabilization of phosphorothioate and 2′-O-
methyl duplexes. Herein, we report the efficient stabilization of
unmodified and modified α-sarcin mimic (rR) duplexes (rR·dY,
rR·S-dY, and rR·2′OMe-rY, Scheme 1) in the presence of
aminoglycosides.

■ MATERIALS AND METHODS

Nucleic Acids and Aminoglycosides. 7mer DNA (dY)
and phosphorothioate modified DNA (S-dY) were purchased
from Integrated DNA Technologies, Inc., (Coralville, IA) and
were used without further purification. RNA [(rR)(2′OMe-rY)]
was purchased from Dharmacon, Inc., (Lafayette, CO) and was
used without further purification. Oligonucleotides used include
dY, lot number 4388590; rR, lot numbers COFRA-0001 and
CHAIB-0001; and S-dY, lot numbers 6928998, 6596188, and
6776459. The concentrations of all the nucleic acid solutions
were determined spectrophotometrically using the following
extinction coefficients (on a per strand basis, M−1 cm−1) ε260 =
81 900 for rR, ε260 = 54 000 for S-dY, and ε260 = 54 000 for dY.
The following aminoglycosides were purchased from ICN
Pharmaceuticals, Inc. (Aurora, OH), and were used without
further purification: ribostamycin (lot 98564), amikacin (lot
2775C), gentamicin (lot 93706), neomycin (lot 88235),
neamine (lot 5332C), and streptomycin (lot R4235). The
following were purchased from Sigma (St. Louis, MO) and
were used without further purification: neomycin (lot
129H0918), paromomycin (lot 39H1276), and lividomycin
(lot 77F0769). Kanamycin (lot 994856) was purchased from
Fisher Scientific (Fair Lawn, NJ) and was used without further
purification.

UV Spectroscopy. UV spectra were recorded at λ = 200−
300 nm on a Cary 1E UV/vis spectrophotometer equipped
with temperature programming. Spectrophotometer stability
and λ alignment were checked prior to initiation of each
melting point experiment. For accurate Tm determinations,
first-derivative functions were used. Data were recorded every
1.0 deg. In all UV experiments, the samples were heated from
20 to 95 °C at a rate of 5 °C/min, annealed (95−5 °C, at a rate
of 0.2 °C/min rate), and again melted (5−90 °C, at a rate of
0.2 °C/min rate), and the samples were brought back to 25 °C
at a rate of 5 °C/min. During melting and annealing, the
absorbance of each solution was monitored at the following
wavelengths: 260, 280, and 284 nm. The second melting stage
was used for calculating melting temperature.

CD Spectroscopy. All CD experiments were conducted at
15 °C on a JASCO J-810 spectrophotometer equipped with a
thermoelectrically controlled cell holder. A quartz cell with a 1
cm path length was used in all CD studies. CD spectra were
recorded as an average of three scans from 300 to 200 nm. In
isothermal CD titration experiments, small aliquots of
concentrated ligand solutions were added to 1.8 mL of 10
μM nucleic acid solutions in buffer and allowed to equilibrate
for at least 20 min prior to scanning. Scanning experiments
were carried out in 1.8 mL of 10 μM nucleic acid solutions in
buffer without the presence of an aminoglycoside. The
experiments were carried out in 60 mM total Na+ ions, 10
mM sodium cacodylate, 0.1 mM EDTA, at pH 6.0.

FID Assays. FID experiments were conducted on a Photon
Technology International (Lawrenceville, NJ) fluorimeter. The
FID experiments were performed at 10 °C. The total volume
used was 1.8 mL. The nucleic acid concentration used was 2
μM per duplex with a 7 μM thiazole orange (TO)
concentration. The buffer used in the experiment was 10 mM
sodium cacodylate, 0.1 mM EDTA, 60 mM total Na+, and pH
6.0. TO was excited at 504 nm, and the emission was recorded
from 515 to 600 nm. The ligand concentration required to
displace 50% of the bound fluorescent probe was determined
from a dose response curve using the Origin 5.0 software

Scheme 1. α-Sarcin Mimic Base Sequence (rR) as Well as the
Modified and Unmodified Sequences Used To Construct
rR·dY, rR·S-dY, and rR·2′OMe-rY Duplexes

a(*) indicates a phosphorothioate linkage between bases. b(m)
indicates the presence of 2′OMe groups.
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(MicroCal, Inc., Northampton, MA) and is expressed as its
AC50.
ITC Studies. Isothermal titration calorimetric measurements

were performed at 10 and 15 °C on a MicroCal VP-ITC
(MicroCal, Inc., Northampton, MA). In a typical experiment, 5
μL aliquots of 500 μM drug were injected from a rotating
syringe (300 rpm) into an isothermal sample chamber
containing 1.42 mL of a duplex solution that was 20 μM per
duplex. Each experiment was accompanied by control experi-
ments in which 5 μL aliquots of the drug were titrated into
buffer. The duration of each injection was 5.0 s, and the delay
between each injection was 300 s. The initial delay prior to the
first injection of 2 μL was 60 s. Each injection generated a heat
burst curve (microcalories per second vs seconds). The area
under each curve was determined by integration using Origin
5.0 software (MicroCal, Inc., Northampton, MA) to obtain a
measure of the heat associated with that injection. The buffer
used in the experiment was 10 mM sodium cacodylate, 0.1 mM
EDTA, 60 mM total Na+, and pH 6.0.
DSC Experiments. DSC measurements were performed

using a VP-DSC Microcalorimeter from Microcal Inc. (North-
ampton, MA). The DSC consists of 0.511 mL of sample and

reference cells. Both cells were first loaded with buffer solution,
equilibrated at 5 °C for 15 min, and scanned from 5 to 90 °C at
a scan rate of 60 °C/h. Extreme care was taken to minimize the
presence of air bubbles in loading of the sample cell. The data
were recorded every 2 s. The solution was brought back to 5 °C
at the rate of 60 °C/h and incubated for 15 min. The above
procedure was repeated four times in order to check for
reversibility. Then, the sample cell was emptied, rinsed, and
loaded with the duplex solution (40 μM per duplex) and
scanned under the same conditions. The net DSC scan was
analyzed for thermodynamic parameters using Origin 5.0
software (MicroCal, Inc., Northampton, MA). The pre- and
post-transitional baselines were determined from least-squares
fits of straight lines to the data points, respectively, below the
onset of the transition peak and following the return of the
transition peak to the baseline. A sigmoidal baseline was
determined under the transition peak by extrapolating the pre-
and post-transitional baselines and employing the profile of the
transition peak. The difference in the extrapolated baselines at
the transition temperature divided by the number of moles of
duplex is the heat capacity change.

Figure 1. Chemical stuctures for the aminoglycosides studied herein.
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ΔTm Method. The following equation was used to calculate
association constants at the corresponding melting temper-
atures where the nucleic acid was complexed to the ligand.82
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Tm° is the melting temperature of ligand free nucleic acid, Tm
corresponds to the melting temperature of ligand bound
nucleic acid, ΔHHS represents the enthalpy change correspond-
ing to nucleic acid base pair melting in the absence of ligand (as
determined by DSC measurement), L is free ligand
concentration at Tm (estimated by one-half the total ligand
concentration), and n is the binding site size determined by CD
and fluorescence experiments. After obtaining the association
constants at Tm, the integrated Van’t Hoff equation (2) was
used to calculate the association constants at 10 °C.83
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where ΔHobs is the observed binding enthalpy of ligand to
nucleic acid as derived from ITC excess site binding
experiments at 10 °C, R is the gas constant, and ΔCp is the
heat capacity change determined from eq 3 by using binding
enthalpies at various temperatures.
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■ RESULTS AND DISCUSSION
UV Thermal Denaturation Studies. UV thermal denatu-

ration of rR·dY, rR·S-dY, and rR·2′OMe-rY duplexes in the

presence of various aminoglycosides was carried out in a 60
mM total sodium ion concentration (Table 1, Figure 2,
Supporting Information Figures S1−S3). ΔTm2→1 values were
determined as the difference between the experimental and
control Tm values, (Table 1, Figure 2). The results indicated

that neomycin stabilized all three structures more than the
other aminoglycosides studied with ΔTm2→1 values of 13.7,
13.8, and 12.6 °C for the rR·dY, rR·S-dY, and rR·2′OMe-rY
duplexes, respectively (Table 1, Figure 2). Paromomycin, while
structurally similar, displayed lower thermal stabilization with
ΔTm2→1 values of 6.8, 7.8, and 4.9 °C (Table 1, Figure 2). A
comparison of ΔTm2→1 values for the rR·dY duplex and
ribostamycin revealed 2.8 times lower thermal stability when
compared to neomycin (Table 1, Figure 2). Similarly,
neamine’s thermal stabilization of the rR·dY duplex was 3.6
times less than neomycin (Table 1, Figure 2). Both results
emphasize the importance of ring III and IV involvement in
aminoglycoside−target interaction. The same pattern was
observed with rR·2′OMe-rY duplex which displayed slightly
lower ΔTm values when compared to rR·dY and rR·S-dY
duplexes (Table 1, Figure 2). The overall trend revealed by the
ΔTm values in Table 1 and Figure 2 reinforces the importance
of amine−target electrostatic interaction with higher thermal
stability being conferred by structures having more charged
amines and lower thermal stabilization for ligands with fewer
charged amines. This trend was found to be consistent with all
three duplexes studied (Table 1, Figure 2).
The thermal denaturation value for the rR·dY duplex in the

absence of aminoglycosides was found to be higher than the
rR·S-dY duplex. In the presence of neomycin (rdup = 1.0), the
melting temperature (Tm) of rR·dY and rR·S-dY duplexes were
38 and 30 °C, respectively (Figures S1 and S2) This is in good
agreement with literature where S-DNA/RNA hybrid duplexes
have been shown to be thermally less stable than their
unmodified counterpart.73,74 In the presence of polyamines,
phosphorothioated hybrid duplexes were reported to be
thermally less stable (showing a difference in the Tm of 5

Figure 2. Change in ΔTm2→1 (rdup = 1.0), where rdup is the ratio of the
drug per duplex, derived from thermal denaturation curves for rR·dY
(green), rR·S-dY (red), and rR·2′OMe-rY (blue) duplexes with various
aminoglycosides. The number of possible charged amines in each
ligand is listed in parentheses next to the aminoglycoside. Conditions:
10 mM sodium cacodylate, 0.1 mM EDTA, 60 mM total Na+ ions, and
pH 6.0.

Table 1. UV ΔTm Values at 260 nm in the Presence of 60
mM Na+ Ion Concentration with rdup = 1.75a

ΔTm

aminoglycoside rR·dY rR·S-dY rR·2′OMe-rY

neomycin (6) 13.7 13.8 12.6
sisomicin (5) 13.0 13.0 12.0
tobramycin (5) 10.7 11.8 11.6
gentamicin (5) 8.9 8.9 7.9
kanamycin (5) 7.9 9.9 5.9
lividomycin (5) 7.8 8.9 6.9
paromomycin (5) 6.8 7.8 4.9
ribostamycin (4) 4.9 3.9 4.9
neamine (4) 3.8 3.9 4.9
amikacin (4) 3.8 3.8 −0.1
streptomycin (3) 2.0 0.9 −1.1

ardup = ratio of the drug per duplex. The number of possible charged
amines for each ligand is listed in parentheses next to the
aminoglycoside. Conditions: 10 mM sodium cacodylate, 0.1 mM
EDTA, pH 6.0.

Table 2. AC50 Values Obtained From FID Assaysa

AC50 (μM)

nucleic acid neomycin paromomycin ribostamycin neamine

rR·dY 1.0 4.2 33.6 16.5
rR·S-dY 1.1 4.3 84.3 15.9
rR·2′OMe-rY 0.44 0.83 5.3 1.3

aThe experimental conditions are listed in the Materials and Methods
section.
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°C) than their unmodified hybrid duplexes as well.74 The
rR·2′OMe-rY duplex, on the other hand, displayed a thermal
stabilization value in the absence of an aminoglycoside that was
significantly higher than either the rR·dY and rR·S-dY duplex,
ΔTm = 39 °C (Figure S3). Despite these differences, the
ΔTm2→1 values for all three duplexes in the presence of
aminoglycosides were comparable to each other with ΔTm2→1

values ±2 °C for rR·S-dY and rR·dY duplexes and slightly lower
values for the rR·2′OMe-rY duplex (Table 1, Figure 2).

CD Spectroscopy. The interaction of neomycin with the
rR·S-dY duplex hybrid duplex was monitored by CD spectros-
copy. The CD spectrum obtained by incremental titration of
neomycin into a solution of rR·S-dY duplex showed peak
alterations due to the interaction between the host and ligand
(Figure 3A). A plot of normalized molar ellipticity (λ = 278
nm) versus rdup (Figure 3B) revealed one clear distinct
inflection at 1.1 corresponding to a first binding site.
The shape of the CD spectrum changed significantly as rdup

was increased from 0 to 1.0 as opposed to the minimal change
observed between rdup 1.0 and 1.5 (Figure 3A). Further increase
in rdup did not alter the CD spectrum considerably (Figure 3A).
This observation was found to be consistent with a binding
stoichiometry of ∼1.5 neomycin molecules per duplex, which
was later confirmed through ITC studies (Table 3).
CD scans were conducted to determine any structural

difference between the rR·dY, rR·S-dY, and rR·2′OMe-rY
duplexes (Figure 4). The CD spectra for the rR·dY and rR·S-dY
duplexes were practically alike, displaying broad positive bands
at 275 nm and shallow negative bands at 210 nm (Figure 4).
The similarity of the spectra indicated that the phosphor-
othioate linkage in the rR·S-dY duplex’s backbone had no
appreciable effect on structure when compared to the rR·dY
duplex’s normal phosphodiester linkage (Figure 4). However,
the rR·2′OMe-rY duplex’s CD spectra showed substantial
difference with an intense positive band shift at 270 nm and a
strong negative band at 210 nm (Figure 4).

Figure 3. CD titration of 10 μM of rR·S-dY duplex with neomycin at molar ratios of 0, 0.5, 1, 1.5, 2, 3, and 4 [neomycin]/[duplex] (A). A plot of
normalized molar ellipticity versus rdup for CD titration of rR·S-dY duplex with neomycin (B). The continuous lines reflect the linear least-squares fits
of each apparent linear domain of the experimental data (filled circles) before and after the apparent inflection points. Conditions: 10 mM sodium
cacodylate, 0.1 mM EDTA, 60 mM total Na+, pH 6.0, and 15 °C.

Table 3. Thermodynamic Binding Parameters Derived from Two-Site Model Fits of ITC-Derived Isotherms for Neomycin
Titrations into the rR·dY, rR·S-dY, and rR·2′OMe-rY Duplexesa

nucleic acid binding sites N Ka (M
−1) ΔHobs (kcal/mol) TΔS (kcal/mol) ΔG (kcal/mol)

rR·dY 2 0.4 (1.03 ± 0.58) × 107 −9.46 ± 0.26 −0.21 −9.25 ± 0.26
0.3 (1.13 ± 0.07) × 105 −34.79 ± 0.67 −28.12 −6.67 ± 0.67

rR·S-dY 2 0.9 (1.17 ± 0.54) × 107 −14.88 ± 0.18 −5.55 −9.33 ± 0.18
0.6 (1.27 ± 0.69) × 105 −34.09 ± 0.51 −27.35 −6.74 ± 0.51

rR·2′OMe-rY 2 0.9 (1.25 ± 0.24) × 107 −7.74 ± 0.08 1.61 −9.35 ± 0.08
0.8 (3.62 ± 0.18) × 105 −15.01 ± 0.46 −7.68 −7.33 ± 0.46

aConditions: 60 mM total Na+ ions, 10 mM sodium cacodylate, 0.1 mM EDTA, at pH 6.0 at 15 °C.

Figure 4. CD for spectra for rR·dY (black), rR·S-dY (red), and
rR·2′OMe-rY (blue) duplexes 10 uM. Conditions: 60 mM total Na +

ions, 10 mM sodium cacodylate, 0.1 mM EDTA, pH 6.0 at 15 °C.
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FID Assays. FID assays were carried out to assess the overall
trend for aminoglycoside binding affinity with the duplexes
(Figures S4−S16). Neomycin, paromomycin, ribostamycin, and
neamine were used as ligands to gauge the relative constitutive
effect of charged amine and ring interaction with the targets
(Figure 1). The results of these assays were compiled into
Table 2 where they are represented as AC50 values, the
concentration of ligand required to displace 50% of the
intercalating fluorophore. The highest AC50 values were
recorded with neomycin for all three duplexes (Table 2). The
AC50 values for aminoglycoside interaction with rR·dY and
rR·S-dY paralleled one another with figures that were
extraordinarily close in value with an exception for rR·dY/
rR·S-dY/ribostamycin interaction (Table 2). AC50 values for

rR·2′OMe-rY were consistently lower than the values for the
other two duplexes (Table 2). Both of these trends can be
succinctly explained by the CD spectral differences represented
in Figure 4. The rR·dY and rR·S-dY duplexes have almost
identical structures and therefore parallel affinities. The
rR·2′OMe-rY duplex’s spectra indicates more pronounced A-
form structure and hence a higher affinity. Even so, the overall
trend for aminoglycosides affinity for the rR·dY, rR·S-dY, and
rR·2′OMe-rY duplexes was determined to be neomycin >
paromomycin > neamine > ribostamycin (Table 2).

ITC Studies. The nature of the binding of neomycin to
rR·dY, rR·S-dY, and rR·2′OMe-rY duplexes was studied using
ITC experiments. Figure 5 shows ITC isotherms for neomycin
titrated against rR·dY, rR·S-dY, and rR·2′OMe-rY duplexes.

Figure 5. ITC isotherm profiles for neomycin 500 μM titrated against rR·dY (A), rR·S-dY (B), and rR·2′OMe-rY (C) duplexes, 20 μM at 15 °C.
Conditions: 60 mM total Na+ ions, 10 mM sodium cacodylate, 0.1 mM EDTA at pH 6.0.
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Each isotherm reveals a biphasic interaction (Figure 5). As
such, all injection heat data were fitted with a model for two
independent binding sites. The fits were obtained by keeping
drug−duplex association constant (Ka) and observed binding
enthalpy ΔHobs as free-floating parameters and varying drug−
duplex binding stoichiometry (N) to get less χ2. The results are
presented in the Table 3 and will be discussed in the
Thermodynamic Interactions section.
DSC and ΔTm. The ITC titration of neomycin versus rR·S-

dY duplex was repeated at 10 °C in order to determine
association constant (KT) at a reference temperature (Figure
6).84−86 The heat capacity change (ΔCp) was calculated from
ΔHT1

(−13.81 kcal/mol) and ΔHT2
(−12.46 kcal/mol) of the

first binding event of two ITC experiments carried out at two
different temperatures, T1 (288 K) and T2 (283 K),
respectively, using eq 1 (Figure 6). The resulting calculated
ΔCp (−270 cal mol−1 K−1) was used to estimate the apparent
drug−duplex association constant at Tm from eq 2. A KTm

of

5.73 × 106 M−1 was calculated from eq 3 using the following
terms: the melting temperature of the drug-free (Tm° = 293.2
K) and drug-bound duplex (Tm = 311.04 K) (Figures S1 and
S2), the enthalpy change for the melting of the duplex in the
absence of bound drug (a value determined by differential
scanning calorimetry, ΔHdup = 23.33 kcal/mol, Figure 7),
binding stoichiometry obtained from ITC experiment (n = 1.1,
Figure 3), and the free drug concentration (L = 2 × 10−6 M) at
Tm. The resulting K25

Tm of 3.81 × 107 M−1 was in relative
agreement with the corresponding K1 of 1.17 × 107 M−1

derived constant from the fitted ITC profile corroborating the
result.

Thermodynamic Interactions. The results reveal two
ligand binding sites for each duplex (Table 3). The binding
stoichiometry for each duplex varied with a 0.7, 1.5, and 1.7
overall ligand to duplex ratio for rR·dY, rR·S-dY, and
rR·2′OMe-rY respectively (Table 3). Binding constants for
primary binding sites were consistently 2 orders of magnitude

Figure 6. Excess binding site experiment: neomycin 10 μM vs rR·S-dY 50 μM at 10 °C (A). Excess binding site experiment; neomycin 10 μM vs
rR·S-dY 50 μM at 15 °C (B).

Figure 7. DSC profile of rR·S-dY duplex 40 μM per duplex.
Conditions: 60 mM total Na+ ions, 10 mM sodium cacodylate, 0.1
mM EDTA, at pH 6.0.

Figure 8. Thermodynamic profiles for neomycin-nucleic binding.
Green bars represent ΔH values, blue bars TΔS values, and red bars
ΔG values. The number in parentheses indicates the first or second
binding site for its associated duplex. Conditions: 60 mM total Na+

ions, 10 mM sodium cacodylate, 0.1 mM EDTA, at pH 6.0 at 15 °C.
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higher than secondary sites (Table 3). A comparison of Ka
values for rR·dY and rR·S-dY duplexes which were shown to
have similar CD spectra and FID affinity (Figure 4, Table 2)
revealed comparable binding constants with rR·dY having a K1
of (1.03 ± 0.58) × 107 M−1 and K2 of (1.13 ± 0.07) × 105 M−1

while rR·S-dY produced a K1 of (1.17 ± 0.54) × 107 M−1 and
K2 of (1.27 ± 0.69) × 105 M−1 (Table 3). The rR·2′OMe-rY
duplex whose CD spectra and FID affinity were markedly
different from the other two duplexes (Figure 4, Table 2)
produced slightly higher binding constant values with a K1 of
(1.25 ± 0.24) × 107 M−1 and K2 of (3.62 ± 0.18) × 105 M−1,
which is consistent with the higher FID affinity (Tables 2 and
3).
A bar plot of the individual thermodynamic components for

each hybrid duplex’s interaction with neomycin according to
Gibb’s free energy equation is represented in Figure 8. Profiles
for the rR·dY versus the rR·S-dY duplex first binding site
revealed a higher negative ΔH and TΔS for rR·S-dY when
compared to rR·dY (Figure 8). However, the thermodynamic
components for the second binding event in both the rR·dY
and rR·S-dY duplexes were essentially the same (Figure 8). The
rR·2′OMe-rY duplex first binding site produced a negative ΔH
and a slightly positive TΔS (Figure 8). The second site for
rR·2′OMe-rY duplex produced a thermodynamic profile similar
in character to the second site in the previous duplexes but with
much lower overall negative values (Figure 8). These
differences underscore the structural/conformational dissim-
ilarities between the rR·2′OMe-rY and the rR·dY/rR·S-dY
duplexes (Figures 4 and 8).

■ SUMMARY
While backbone-modified ODNs have shown promise as
antisense therapeutic agents, the overall thermal stability of
these structures can limit their potential. Herein, it has been
demonstrated that aminoglycosides significantly stabilize α-
sarcin loop mimic rR·dY, rR·S-dY, and rR·2′OMe-rY duplexes.
Among all aminoglycosides studied, neomycin was found to be
the most potent double-helix stabilizer for all three duplexes.
Additionally, stabilization was demonstrated to be correlated
with aminoglycoside participating amino groups and ring
interactions. The structural similarities between the rR·dY
and rR·S-dY duplexes produced similar binding affinities,
thermodynamic profiles, and binding constants with Ka values
for the PS containing rR·S-dY duplex almost equal in value to
the native rR·dY species. Even though the stability of antisense
phosphorothioate backbone containing oligonucleotides toward
cellular nucleases, their ability to activate RNase H, and their
successful intracellular uptake are better than unmodified DNA
and other reported modified oligonucleotides, their thermal
stability has been shown to be less than their DNA
counterparts.71−76 In this connection, our current results
showing increased stability in the presence of aminoglycosides
will further extend the successful application of phosphor-
othioate DNA and 2′OMe-DNA in antisense applications.
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