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Metal chelating iminodiacetic acid moieties were appended
to abutting ends of two 9-mer oligonucleotides designed to
hybridize contiguously on an 18-mer target. Chelation of 1
equivalent of Gd3+ cooperatively increases affinities of the
oligonucleotides to the single stranded DNA target as
evidenced by a 15 °C increase in Ty, of the complex.

There is significant interest in new chemical strategies to
enhance the binding of oligonuclectides to nucleic acid targets.
One driving forceis that single-stranded short oligonucleotides
possess attractive features for therapeutic applications, -2 but
their affinities for the nucleic acid target are low. Strategies to
enhance their affinity include using intercalators,3 positive
charges,* modified nucleobases or nucleosides® or introducing
cooperative interactions between two oligonucleotidess? that
bind to the same target molecule. Interstrand metal chelation
between complementary unnatural base pairs has been used to
enhance duplex stability.8 In this paper we report the use of
metal ion chelation between two short oligonucleotides that
assemble on a single stranded DNA target leading to enhanced
binding.

The strategy has employed metal chelation at the ends of two
oligonucleotides hybridized to the same target (Fig. 1). Two
9-mer oligodeoxyribonucleotides Aam and Bam (Fig. 2) were
designed to bind to adjacent sites on the 18-mer oligonucleotide,
Co with predicted free energies of —8.8 kcal mol—1 and —9.1
kcal mol—1, respectively.®
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Fig. 1 Metal chelation to enhance oligonucleotide binding.
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Iminodiacetic acid (IDA), forms stable bis-chelates with
several metal ions.10 However, Gd3* was chosen since the free
energy of formation of a2:1 complex of IDA and Gd3* (—7.3
kcal mol—1)11 jsrelatively close to the associated hybridization
energies of Aam and Ban. Amino-modified oligonucleotides
Aam and Bam were appended via an amide linkage to IDA
moieties to give Ajpa and B pa respectively.t UV melting
profiles§ were measured for various combinations of oligonu-

9mer oligonucleotides
5t .
TTAGTGCA\YiV Adenine rn-; opo o Adenine
lo! ‘
\EGS\ NH-R ACGTGATT?
ApmR=H OH Bami R=H
Apa R = COCHN(CH,CO,H), BIbA ;R = -COCH,N(CH,CO,H),
T
§ target oligonucleotide complementary oligonucleotide
8 6 ¥ AATCACGTTTTGCACTAA. Dy TTAGTGCAAAACGTGATT
3 Fig. 2 Oligonucleotides used in this study.
=)
5 T Electronic supplementary information (ES|) available: experimental
o details. See http://www.rsc.org/suppdatal/cc/b2/b206054j/
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cleotides and Gd3+, with the target C, (Table 1) which afforded
the melting temperature, T,.22 The amino-modified oligonu-
cleotides Aam and Baw, individually bound to Co, gave
comparable T,, values that were in good agreement with
predicted values (Table 1).° The simultaneous binding of Aam
and Bay to Coresultedina2.7 + 1 °Cincreasein Ty, (Table 1),
indicating a small cooperative effect possibly due to m-
interactions of the terminal bases.6> Addition of Gd3+ to the
ternary complex of Aaym and Bau bound to Co showed no
changein T,,,, suggesting that unchelated Gd3* did not have any
effect on duplex stability. When the IDA modified ana ogues,
Aipa and B;pa Were each individually bound to Cq (Table 1),
therewasa 3.7 + 1 °C decrease in the T,,, value as compared to
Aam and Bam. This may be an electrostatic consequence of
replacing the positively charged amino group by a negatively
charged carboxylate. However, the simultaneous binding of
both A;pa and Bipa to Co showed a3.2 + 1 °Cincreasein Tp,
(Table 1) indicating some cooperativity, contrary to what might
be expected on the basis of electrostatic interactions alone.
The simultaneous binding of Ajpa and Bipa to Co was
investigated in the presence of 1 mol equivalent of Gd3* (2 uM)
with various incubation times (t). The melting curve showed
two transitions shown in the first derivative plot of absorbance
(A) vs. temperature (T) (Fig. 3A). The first transition corre-
sponds to a species melting at 28 °C, consistent with
unmetallated species based on the control experiment lacking
Gd3* (Table 1). The second transition indicates ahigher stability
species melting at 43 °C, consistent with metallated species
(Table 1). It was apparent that in the presence of 1 mol equiv.
Gds3+, the proportion of high T, species increased with time
(Fig. 3A) at the expense of thelow T, species. That 1 mol equiv.
Gd3*+ (2 uM) resulted in ~80% conversion to the high T,
speciesat t = 30 h (Fig. 3B) suggests a Gd3* stoichiometry of
oneinthe metallated DNA duplex. The addition of excess Gd3*
(40 uM) to the complex of A pa and B;pa bound to Cq resulted
in the high T,,, species being formed exclusively. Fig. 3B shows
the melting curves of A pa and B,pa bound to Co without Gd3+

Table 1 Ty, values calculated from UV melting analysis of IDA-modified
and unmodified 9-mers binding to the target 18-mer under various
conditions

Oligonuclectides [Gd3*]/uM T.2°C
Aam; Co 0 28.9(28.2)
Bam, Co 0 28.7 (29.4)
Aam,Bam, Co 0 315
Aam,Bam,; Co 400 30.5
Aipa, Co 0 25.3
Bipa, Co 0 24.8
Aipa, Co 400 25.2
Bipa, Co 400 24.2
AipaBipa, Co 0 28.3
Aipa,Bipa, Co 2 27.5, 42.64
Aipa,Bipa, Co 400 39.6
Do, Co 0 59.4 (56.4)

a Associated errors are + 1 °C, T,,, values predicted by nearest neighbour
analysis are in parantheses;1° Incubation time. P30 h. ¢5 min. d Dual
transitions were obtained.
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Table 2 Values of connection Gibbs energy (AGs) and cooperative energy of interaction (Ecoop) Calculated from UV melting study data

Interacting [Gas+]/ AGS/ Ecoop®
components uM Ksa /I mol—1 Ks2 /I mol—1 K1+2/12 mol—2 K120/l mol—1 K240/l mol—1 kcal mol-1  kcal mol—1
Aam, Bam, Co 0 3.08 x 108 2.44 x 108 2.34 x 1013 9.59 x 106 7.60 x 108 —0.67 —0.74
Aipa, Bipa, Co 0 1.14 x 108 9.52 x 105 8.40 x 1012 8.82 x 106 7.37 x 108 —0.93 —1.42
Aipa, Bipa, Co 40e 1.21 x 108 9.43 x 10° 457 x 1015 4.85 x 10° 3.78 x 10° —4.91 —5.14

aK, and K, = equilibrium constant for binding of Aam (0r Ajpa) @d Bam (0r Bipa) to Co at 298 K. b K3 , = equilibrium constant for the binding of Aam
(or Ajpa) on the binary complex of Banm (or Bipa) and Co a 298 K; K1 = equilibrium constant for the binding of Bam (or Bipa) on the binary complex
of Aam (0r Ajpa) and Co at 298 K; Kyt = KiKp1 = KoKy 1. ¢ AGgwas cal culated using the Jencks' model (errors are + 4%).14 d Eqqqp, Was cal cul ated using

the Hill model (errors are + 1-3%).15 e Incubation time = 30 h.
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Fig. 3 A, First derivative plots of absorbance (A) vs. temperature (T) from
the melting curves of A|pa and B,pa bound to Co in the presence of varying
Gd3+ concentrations and incubation times. B, Melting curves of A;pa and
Bipa bound to Cy in the absence and presence of Gd3*

and in the presence of 40 uM Gd3* (t = 30 h). In the presence
of Gd3* a significant T, enhancement of 15 °C was observed,
with an associated steepening of the melting curve indicating a
more cooperative transition in the presence of the metal. An
evaluation of the cooperative enhancement of binding due to
metallation, allows comparisons with other systems. Equilib-
rium constants and associated thermodynamic parameters at
298 K were calculated from the UV melting curves assuming a
two-state (al-or-none) model for the melting transition.13
Cooperative enhancement was evaluated from the associated
thermodynamic parameters for the ternary complex in the
cooperative mode using the Jencks'4 and the Hill15> model s, both
of which have been widely used in comparable studies.
Theformation of aternary complex, L1:T:L,, fromligandsL,
and L, binding to T may be represented by the equilibrium in
Scheme 1 with corresponding association constants.¢ K.,
represents the overall binding equilibrium between the fully
assembled complex and its individual components. The values
of Ky, Kz and Ky, were calculated for the binding of Aay or
Bam t0 Co, Ajpa Or Bipa to Cq in the absence and presence of
Gd3+ (Table 1). The energy corresponding to the cooperative
effect expressed as either AG;s (the Gibbs connection energy)14
or Ecoop (the Gibbs free energy change for cooperative
enhancement)!5 were calculated for the binding of A;pa and
Bipa to Co in the presence and absence of Gd3+ (Table 2).

K
L,+L,+T —b.l L:T+L,

Wt =L e

LyT+L, ‘K—> L:TL,

12

Scheme 1 Equillibrium for ternary complex formation with associated
equilibrium constants.16

The simultaneous binding of Aam and Baw to Co afforded an
Ecoop Of —0.74 kcal mol—1. Binding of unmetallated ligands
Aipa and Bpa to Cop furnished an Ecoqp value of —1.42 keal
mol—1. However, in the presence of 40 uM Gd3+, binding of
Aipa and Bjpa to Co, with an associated AGs of —4.91 kcal
mol—1 and an Ecoep Of —5.14 kcal mol—1 (Table 2). The
cooperative enhancement obtained for the present system is
favourable in comparison to severa studies employing other
cooperative approaches for the binding of short (9-12 mer)
oligonucleotides to single stranded DNA, where typical Ecoop

values range between —0.7 to —2.1 kcal mol—2 or show T,
enhancements of ~10 °C.6ad.7 Thus metal ion chelation can
generate significant enhancement of duplex stability. Thispaves
the way for targeting relatively long sequences of single
stranded nucleic acids using shorter oligonuclectide segments
under the control of a metal ion switch.

We thank the BBSRC for a studentship to I. S. and Dudley
Williams for valuable discussions.
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