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Abstract

The replacement of the 7-N atom on guanine (G) with a C-H to give 7-deazaguanine (c7G) alters the
electronic properties of the heterocyclic base and eliminates a potential major groove cation binding
site, which affects the organization of salts and water in the major groove. This has a destabilizing
effect on DNA. We report herein the characterization of DNA oligomers containing 7-
(aminomethyl)-7-deazaguanine (1) residues using a variety of spectroscopic and thermodynamic
approaches. 1 is an intramolecular model for the major groove binding of cations and basic amino
acid residues to G. In contrast to c7G, the tethering of a cation in the major groove using 1 affords
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DNA that is as, or more, stable than the corresponding unmodified DNA. The stabilization is
associated with the folding enthalpy and hydration.

The electrostatics of DNA is generally considered in terms of polyelectrolyte theory that treats
DNA as a polyanionic cylinder.1 Even at relatively low salt concentrations, the cation
concentration in the vicinity of DNA is estimated to be 1 M, and diffusible cations are treated
without regard to high vs. low occupancy sites. Accordingly, the release of electrostricted ions,
which is a powerful entropic driving force in the equilibrium binding of molecules to DNA,1
is generally treated as non-sequence specific.

However, there are electrostatic factors associated with the DNA grooves, in addition to the
phosphate backbone. NMR studies show that Mg2+ and related divalent cations preferentially
bind in the major groove at G runs and appear to bend DNA.2 A compilation of high-resolution
structures of DNA shows a consensus for localization of monovalent cations in the major
groove within 3.5 Å from the O6- and/or N7-positions of dG.3 The 1.2 Å resolution structure
of 5’-d(CGCGAATTCGCG) in the presence of Tl+ clearly indicates that there are high
occupancy monovalent cation binding sites in the major groove near G/C regions as well as in
the minor groove near A/T rich regions.4

In order to explore the role of groove associated cations on DNA stability, structure and
reactivity we previously studied the effects of (i) removing a major groove cation binding site
using 7-deazaguanine (c7G)5 and (ii) introducing a tethered cation into the major groove using
a 5-(3-aminopropyl)uracil modified base.6 The c7G substitution results in lower
thermodynamic stability that is mainly derived from a reduced enthalpy contribution.5a A
crystal structure of DNA with c7G shows the predicted loss of a cation from a conserved cation
binding site and the NMR indicates a destabilization at the flanking base pair.5 The flexible
cationic 3-aminopropyl sidechain shows a complex sequence dependency in its impact on
stability and structure that is related to its proximity to a major groove cation binding site.6

To create a structural model of groove associated cations that more accurately reflects cation
distribution and location observed in DNA structures (Figure 1), we synthesized 7-
aminomethyl-7-deaza-dG (1), which has a basic primary amine appended onto c7G via a
CH2 linker.7 1 recapitulates the location of inorganic cations that are observed near the major
groove edge of G: the restricted −NH3

+ is approximately 2.6 Å from the major groove face of
the G (Figure 1), a distance that is also similar to that seen in crystal structures for cationic
groups on basic amino acid residues of DNA binding proteins.8 We also prepared 7-
hydroxymethyl-7-deaza-dG (2) as a neutral isostere of 1.7 The spectroscopic and
thermodynamic characterization of DNA containing c7G, 1 and 2 are reported.

The sequences of the oligomers studied along with their thermodynamic parameters from UV
melting and differential scanning calorimetry (DSC) analyses for unmodified (G), and c7G,
1 and 2 substituted DNA are shown in Table 1. The sequence used (OL-1) was selected because
it is self-complementary and forms an intermolecular duplex rather than an intramolecular
hairpin. Similar to what was previously observed in another sequence,5a the c7G substitution
at G-5 (OL-2) decreases stability relative to OL-1: ΔΔG° = 2.5 and 4.1 kcal/mol at 10 and 100
mM NaCl, respectively. In contrast, the substitution of 1 (OL-3) makes the DNA
thermodynamically more stable than OL-1: ΔΔG −2.2 and −1.4 kcal/mole at low and high salt,
respectively. Relative to OL-2, the introduction of the tethered NH3

+ increases stability by 4.7
and 5.5 kcal/mol at low and high salt, respectively. This translates to each CH2NH3

+ appendage
increasing the stability by 2.3–2.7 kcal/mol. We attribute the stabilization predominantly to
the tethered NH3

+ ion since DNA modified with 2 (OL-4) is thermodynamically similar to
OL-2 with c7G. A similar trend is observed when c7G, 1 and 2 are introduced at G-3
(Supporting Information).
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The origin of the differences in ΔG for the duplexes is derived from the ΔH term for the G-5
substitutions; c7G in OL-2 causes a marked reduction (21.9 and 24.8 kcal/mol at low and high
salt, respectively) in enthalpic stabilization, while 1 in OL-3 is enthalpy stabilizing by −14.7
and −7.7 kcal/mol at low and high salt, respectively. DNA with 2 (OL-4) behaves similar to
the c7G-modified DNA. At the 3-position in OL-1, the ΔH term for DNA modified with 1 is
similar to unmodified DNA and remains higher than for duplexes with c7G and 2, particularly
in 100 mM NaCl (Table 1 and Supporting Information).

The differences in the ΔH term can reflect changes in base stacking and/or hydration. Therefore,
the effects of the different modifications on cation and water release upon unfolding were
examined by TM dependencies on salt concentration and osmolyte molality, respectively.9
There is a correlation between the ΔH term and DNA hydration. OL-1 and OL-3 have similar
Δnw values, which are significantly higher than observed for OL-2 and OL-4. Interestingly,
the release of cations upon unfolding varied little between OL-1 and OL-3, but was
significantly lower for OL-2 and OL-4. (Table 1).

CD spectra provide global DNA conformational information of the different duplexes, and
some indication of changes in base stacking by analysis of the relative intensities of the negative
band at ∼250 nm.10 The CD spectra of OLs 1–12 are consistent with a B-conformation and
there is a correlation between the intensity of the negative bands and the ΔH term at 10 mM
NaCl that reflects base stacking for the oligomers (Supporting Information).

In addition to the intermolecular duplex DNA, an intramolecular hairpin with a higher TM
(OL-5) was modified with a c7G (OL-6), or a single residue of 1. The introduction of c7G
results in a minor destabilization (Table 1), while OL-7 and OL-8 are very similar to the
unmodified hairpin. The addition of a second 1 (OL-9) places the two cations as close as 4.0
Å of each other assuming a normal B-conformation. This causes a modest reduction in the
thermodynamic parameters. The minimum distance between the tethered NH3

+ ions in OL-3
is 8.3 Å. Of note, is that substitution of 1 (OL-7 and OL-8) or two residues (OL-9) into the
hairpin removed any TM salt dependency; ΔnNa+ is 0.

In summary, the tethering of cationic and neutral polar functionalities at a distance from the
floor of the major groove that mimics the distance observed for diffusible cations and basic
amino acid residues is reported. In DNA with a c7G substitution, a conserved cation binding
is eliminated and the DNA is thermodynamically destabilized.5 In the current study, it is
demonstrated that the insertion of 1 into DNA, which permanently refurbishes a cation that is
lost with c7G, increases the stability of DNA relative to that of the natural sequence. Locating
a polar hydroxyl group on the major groove edge of c7G does not restore stability. The effect
of the tethered cationic modification provides an insight into the stabilizing role that
“diffusible” cations associated with high occupancy sites in the major groove play in
maintaining DNA structure.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Models of: (a) cation and (b) basic amino acid sidechain associated with major groove edge of
G, (c) tethered -NH3

+ in 7-(aminomethyl)-7-deazaguanine (1), (d) 7-(hydroxymethyl)-7-
deazaguanine (2) and (e) 7-deazaguanine (c7G) lacking cation binding site.
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