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Abstract

There are a growing number of studies reporting the observation of purine-pyrimidine base-pairs

that are seldom observed in unmodified nucleic acids because they entail the loss of energetically

favorable interactions or require energetically costly base ionization or tautomerization. These

high energy purine-pyrimidine base-pairs include G•C+ and A•T Hoogsteen base-pairs, which

entail ~180° rotation of the purine base in a Watson-Crick base-pair, protonation of cytosine N3,

and constriction of the C1′–C1′ distance by ~2.5 Å. Other high energy pure-pyrimidine base-pairs

include G•T, G•U, and A•C mispairs that adopt Watson-Crick like geometry through either base

ionization or tautomerization. Although difficult to detect and characterize using biophysical

methods, high energy purine-pyrimidine base-pairs appear to be more common than once thought.

They further expand the structural and functional diversity of canonical and noncanonical nucleic

acid base-pairs.

Introduction

In naked unmodified nucleic acid duplexes, purines (guanine and adenine) pair up with

pyrimidines (cytosine, thymine, and uracil) through complementary hydrogen bonds to form

canonical G•C, A•T, and A•U Watson-Crick (WC) base-pairs (Figure 1A). Due to steric

clashes involving imino and amino protons, and energetically unfavorable hydrogen

bonding, the purine-pyrimidine (pur-pyr) mispairs G•T/U and A•C do not typically adopt a

WC-like geometry when the bases are in their energetically dominant neutral tautomeric

form. Rather they typically form G•T, G•U, and A+•C wobbles that deviate from the WC

geometry (Figure 1B). This geometrical distinction between canonical WC base-pairs and

non-canonical wobbles is exploited by polymerases, repair enzymes, and ribosomes to

replicate, transcribe, and translate genetic information with high fidelity.

There are other types of pur-pyr base-pairs that expand on the simple picture depicted above.

These base-pairs that are seldom observed in unmodified nucleic acids because they entail
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the loss of energetically favorable interactions or require energetically costly base ionization

or tautomerization. We will therefore refer to these base-pairs as ‘high energy’ pur-pyr base-

pairs. High energy pur-pyr base-pairs include A•T and G•C+ Hoogsteen (HG) base-pairs [1–

3], in which the purine base in a WC base-pair rotates roughly 180°about the N-glycosidic

bond to adopt a syn rather than anti conformation (Figure 1C). While A•T HG base-pairs

preserve two hydrogen-bonds, as in WC basepairs, formation of HG G•C+ base-pairs is

accompanied by a net loss of one hydrogen bond and require protonation of C(N3) (Figure

1C). The HG base-pairs also require the translation of the complementary bases into closer

proximity, causing constriction of the C1′–C1′ distance by ~2.5 Å (Figure 1C).

Other high energy pur-pyr base-pairs include G•T, G•U, and A•C mispairs that adopt a WC-

like geometry through movement of otherwise sterically clashing imino (G•T and G•U) and

amino (A•C) protons. For G•T and G•U mispairs, this can be accomplished by having either

purine or pyrimidine adopt minor O6 or O4 enol tautomers, respectively, or through

deprotonation of G(H1) or T/U(H3) (Figure 1D). On the other hand, WC-like A•C base-

pairs can only arise by having either the A or C nucleobase adopt its rare imino tautomeric

form (Figure 1D) [4••,5••].

While the existence and functional importance of such high energy pur-pyr base-pairs was

hypothesized soon after the discovery of the double helix [1,6,7], there have been very few

reports documenting their experimental observation. Recent studies suggest that such base-

pairs can exist ubiquitously but transiently and in low abundance, and that they can be

stabilized through intermolecular interactions or functionally important chemical

modifications. Thus, there is good reason to believe that high energy pur-pyr base-pairs and

base-mispairs exist in greater abundance than previously thought, and that they expand the

structural and functional diversity of both canonical and non-canonical basepairs.

Methods for characterizing transient base-pairs and base ionization and

tautomerization

There are several challenges in characterizing high energy pur-pyr base-pairs in nucleic

acids. First, their energetic instability relative to other competing base-pairs in naked

duplexes means that if they exist, they do so only transiently for short periods of time and in

low abundance. Second, even when stabilized appreciably, characterizing such pur-pyr base-

pairs can prove challenging by conventional spectroscopic techniques. For example, it can

be difficult to distinguish HG from WC base-pairs by X-ray crystallography because the syn

purine in a HG base-pair often entails small geometrical differences as compared to an anti

purine in a WC base-pair, particularly for A•T base-pairs (Figure 2A) [8,9]. On the other

hand, base ionization and tautomerization involves movement or loss of protons, which are

not directly observed by X-ray crystallography. As a result, such base-pairs have to be

inferred based on heavy atom positions, taking into account potential hydrogen bonding

schemes and the local steric and electrostatic environment. While solution NMR can in

principle be used to characterize such long-lived base-pairs, which have unique chemical

shifts and/or Nuclear Overhauser Effects (NOEs) [10–12•], the appreciable stabilization of

these base-pairs in unmodified nucleic acids typically occurs in large molecular systems that

exceed the size limit of NMR application. Finally, while techniques such as UV and IR have
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successfully been used to visualize the ground-state tautomerization of aromatic

heterocycles [13] and to characterize tautomeric states in individual nucleobases in isolation

or when interacting with other small molecules [14,15], they cannot yet be applied to

characterize tautomeric states of specific bases in nucleic acid polymers with atomic

resolution.

Recent advances in biophysical techniques are helping address these long-standing

limitations. NMR techniques that involve the measurement of carbon and nitrogen rotating

frame (R1ρ) relaxation dispersion [16,17] have made it possible to structurally, kinetically,

and thermodynamically characterize transient A•T and G•C+ HG base-pairs in naked

canonical duplex DNA that exist for short periods of time (~0.3 to ~1.5 ms) and in low

abundance (<1%) [18••,19]. Here, transient HG base-pairs, or any other transient species

with unique NMR chemical shifts, populations >0.1%, and exchange rates in the

microsecond to millisecond timescale, can be detected and characterized as exchange

broadening contributions to NMR signals that can be modulated by changing the power

level and frequency of a continuous radiofrequency spin lock field that is applied during a

relaxation period (Figure 2B) [16,17].

There has also been growing success in capturing high energy mispairs using increasingly

sophisticated X-ray crystallographic methods and techniques. Many of these advances are

made possible by innovations in sample engineering that make it possible to precisely trap

high energy functional states and obtain high quality diffraction data to infer tautomerization

or ionization [4••,5••,20••,21•–23], or even observe DNA polymerase mispair incorporation

in ‘real time’ [24•].

There are other advances in techniques that may aid the characterization of base ionization

and tautomerization in nucleic acids in the future. The rapidly growing field of 2D IR is

allowing new insights into ultra-fast dynamics of isolated base pairs and nucleic acid

oligomers [25,26]. For example, 2D IR techniques were recently successfully used in

conjunction with variable temperature NMR and computational density functional theory

(DFT) calculations to characterize and quantify three possible tautomeric states of

oxythiamine (Figure 2C) [27•]. Using binding isotope effects, the authors were able to

provide evidence that an RNA riboswitch preferentially binds one tautomeric form of the

related thiamine pyrophosphate ligand, highlighting the importance of ligand

tautomerization during RNA-ligand recognition.

A simple technique based on 2-aminopurine (2-AP) fluorescence has recently been

introduced for characterizing base protonation in DNA and RNA [28•]. Here, a protonation

event at a given base-pair is detected as a change in fluorescence by an adjacent 2-AP

(Figure 2D). The authors demonstrated this approach in the measurement of pKa values for

A+•C base pairs in DNA and a protonated RNA C+ base involved in pairing with the

Hoogsteen face of a G in a RNA base-quartet. This approach can enable simple and fast

characterization of ionized base-pairs in systems that are too large to study by NMR and

possibly other techniques.
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Hoogsteen base-pairs

Hoogsteen base-pairs were first proposed to explain how poly(rU) strands associate with

poly(rA)-poly(rU) duplexes to form triplexes [29] and were subsequently visualized by

Karst Hoogsteen through X-ray analysis of co-crystals containing 9-methyladenine and 1-

methylthymine while searching for experimental evidence for WC base-pairs [1]. A•T and

G•C+ HG base-pairs were subsequently observed in DNA bound to antibiotics [2] and

proteins [30••,31], where they expand possibilities for sequence-specific DNA recognition

by allowing unique contacts to form with the syn base [31,32], enhancing the negative

electrostatic potential in the minor groove [30], and accommodating contacts that would

otherwise result in steric clashes with a regular WC base-pair [32,33]. These X-ray

structures suggest that HG base-pairs can be accommodated within the double helix with

minor perturbations to nearby WC base-pairs [31]. There appears to be a good deal of

promiscuity in the occurrence of such HG base-pairs. For example, while two neighboring

A•T HG base-pairs are observed in X-ray structures of a palindromic CATG/CATG

sequence bound to the DNA binding domain of p53 (Figure 3A) [30••], the same residues

form WC base-pairs in X-ray structures with a longer spacer length [34] or a different

intervening sequence between DNA half-sites [35]. There are also a few cases in which the

HG base-pairs in X-ray structures of protein-DNA complexes may have been stabilized by

crystal contacts [32] or by modifications introduced to aid crystallization [33]. This

emphasizes the need to employ complementary techniques to characterize HG base-pairs in

solution in the future [3].

HG base-pairs have also been observed in damaged DNA, where they are believed to help

maintain the integrity of the double helix and also provide recognition sites to recruit DNA

repair enzymes (for review see [3]). For example, methylation of adenine N1 obstructs WC

base-pairing but can readily be accommodated within the double helix through formation of

HG base-pairs (Figure 3B) [36,37]. The enzyme AlkB, which repairs this mutagenic lesion,

likely initially recognizes the unique HG base-pair formed between N1-methyladenine and

thymine before flipping out the damaged purine for oxidative demethylation.

HG base-pairs are also frequently observed in purine-purine (pur-pur) mismatches, where

the flipping of one purine base to a syn conformation leads to WC/HG type configuration

that affords a shorter helical radius that can be more readily accommodated within BDNA as

compared to the WC-WC configuration. Such HG-type mispairs are recognized by

mismatch repair enzymes, such as MutS, which makes specific contacts with the syn

adenine/guanine base in A•C, A•A, and G•G mismatches [38]. In a related, but vastly

different system, WC/HG pur-pur mismatches which occur at the second and third positions

of a codon/anti-codon mini-helix afford a WC-like C1′–C1′ distance that allows normally

forbidden pur-pur base-pairs to be accommodated within the ribosomal decoding center,

thus promoting read-through of stop codons containing pseudouridine at the first position

[39•].

There is strong evidence that specialized polymerases, such as the human DNA Polι, can

bypass certain forms of DNA damage by replicating DNA via HG rather than WC pairing

(Figure 3C) [40,41]. Unlike replicative polymerases, Polι features a narrower active site,
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which is optimized for HG base-pairs that have characteristically shorter C1′–C1′ distances

(Figure 1C). Several X-ray structures show that Polι can accommodate a wide range of

purine alkylation and oxidation lesions in a syn conformation, whenever possible forming

HG type base-pairs (Figure 3B) (reviewed in Makarova et al. [41]). These structural studies,

together with biochemical studies showing the importance of Polι for cell survival in the

presence of alkylating agents[42,43] and oxidative stress[44], provide the most compelling

evidence to date for a biological function for HG base-pairs in duplex DNA.

Recently, NMR carbon and nitrogen relaxation dispersion studies have shown that G•C+ and

A•T WC base-pairs in canonical duplex DNA exist in dynamic equilibrium with HG base-

pair forms (Figure 3D) [18••]. The transient HG base-pairs have lifetimes on the order of

hundreds of microseconds to milliseconds, with populations of ~0.1 – 1%, where the G•C+

HG base-pairs are less abundant than A•T HG base-pairs at physiological pH by at least a

factor of 20 (Figure 3D). pH dependent NMR studies of trapped HG base-pairs through N1-

methylation indicate that the pKa of cytosine N3 in G•C+ HG base-pairs is ~7.2, and

therefore the majority of transient G•C+ HG base-pairs exist in the protonated form at

physiological pH [45•]. Studies suggest that the transient HG base-pairs occur across all

DNA sequence contexts with small, albeit significant, sequence-specific differences in

population and lifetimes (unpublished results).

Transient Hoogsteen base-pairs help explain the long and controversial observation of WC

versus HG – small changes in conditions can favor one form over the other. Moreover, the

HG base-pairs transiently expose the WC faces of purines to the major groove where they

can make contacts with other molecules, and can potentially help explain the much greater

abundance of N1 methylation in adenine versus guanine. A recent study employed

computational mapping to show that HG base pair formation dramatically affects the

accessibility of amino nitrogens in adjacent WC-paired cytosines for hydroxymethylation by

formaldehyde [46•]. In this manner, transient HG base-pairs may help explain aspects of the

DNA reaction with formaldehyde, which have remained a mystery over the past 25 years.

WC-like pur-pyr mispairs accommodated by base ionization or

tautomerization

Soon after the discovery of the double helix, it was hypothesized that pur-pyr mispairs that

adopt WC-like geometry through tautomerization or ionization (Figure 1D) may explain, in

part, the occurrence of spontaneous base substitution mutations [7,47]. This infidelity arises

because the shape of a potential base pair and its stereochemical complementarity (hydrogen

bonding, π-π stacking, etc) with the polymerase active site is a primary determinant of

nucleotide incorporation [4••,48]. While G•T and A+•C mispairs generally form non-WC

like wobbles that are rejected from the polymerase active site owing to their incorrect shape

(Figure 1B), by forming WC-like base-pairs, high energy pur-pyr mispairs can result in

misincorporation and spontaneous mutations.

A WC-like G•T mispair was observed by X-ray crystallography in which an incoming dGTP

is poised to be incorporated against a template T, with geometry nearly identical to that of a

WC pair, in the active site of DNA pol λ (Figure 4A) [20••]. While the observed WC-like
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G•T mispair can arise from either ionization or tautomerization, the increased

misincorporation rates with increasing pH suggests deprotonation of the imino nitrogen in

either base. Such an ionized G•T WC-like base-pair would also be consistent with prior

NMR and in vitro studies in which it was shown that G-5BrdU and G-5FdU pairs adopt

WC-like geometry through ionization and increase the rate of misincorporation with

increasing pH [49].

The low energy A+•C wobble mispair is readily rejected from the polymerase active site not

only because of its non-WC geometry, but likely also because protonated bases within the

hydrophobic active site have been shown to destabilize the polymerase closed ternary

complex [50]. However, an X-ray structure has shown an A•C mispair adopting a clear WC-

like geometry within the active site of DNA pol I, with the incoming dCTP poised for

incorporation against a template A (Figure 4B) [4••]. Unlike G•T mispairs, only

tautomerization of A or C can explain the observed WC-like A•C mispair, which is

necessary to avoid steric clashes with exocyclic amino protons. While the rare imino

adenine and cytosine tautomers are energetically unstable in isolation [51], the unique the

local electrostatic environment within the polymerase active site may alter the tautomeric

equilibrium. This is entirely plausible given that the tautomeric equilibrium is dependent

upon the pKa of the nitrogens involved in the proton movement, and it has been shown that

such pKas can be significantly perturbed by their environment [12•,52]. Together, the

observation of WC-like G•T and A•C mispairs in polymerase active sites provide

compelling evidence in support of the mutagenesis hypothesis put forward by Watson and

Crick half-a-century ago.

The fidelity of translation also relies on proper WC pairing between the mRNA codon and

tRNA anti-codon, particularly at the first and second position. This allows key interactions

to take place between ribosomal RNA (rRNA) residues and the minor-groove of the tRNA/

mRNA mini-helix. However, near-cognate tRNAs, including ones with G(mRNA) –

U(tRNA) mismatches at the first or second position, have been shown to be prone to amino

acid misincorporation [53]. Recent X-ray structures of near-cognate tRNAs paired with

mRNA show WC-like G•U mispairs at the first and second position of the codon/anti-codon

mini-helix in the 70S ribosome that may involve tautomerization (Figure 4C) [21•].

Although the role of tautomerization in tRNA proofreading requires further investigation

[21•,54], it may help explain how incorrect aminoacyl-tRNAs containing G•U mispairs at

the first and second position of the codon–anticodon minihelix can adopt a WC-like

conformation and thereby facilitate amino acid misincorporation [55].

In contrast to the first and second positions of the codon/anti-codon mini-helix requiring WC

geometry for translational fidelity, it has long been known that the wobble position is not as

geometrically restrained. As there are typically fewer tRNAs than the 43 possible codons of

the genetic code, many tRNAs must be able to recognize multiple codons [5••]. The ability

of the wobble position to form pairs outside of G•C and A•U pairs plays a crucial role in

facilitating tRNA recognition of degenerate codons. Furthermore, it has been shown that

post-transcriptional modifications of the wobble base can broaden, or constrain, tRNA

decoding. In one such instance, a post-transcriptional 5-formylcytidine (f5C) modification at

the wobble position of human mitochondrial tRNAMet (hmtRNAMet f5CAU) allows for

Kimsey and Al-Hashimi Page 6

Curr Opin Struct Biol. Author manuscript; available in PMC 2015 February 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



expanded decoding of methionine (AUG) as well as isoleucine (AUA) codons (Figure 4D)

[5••]. Here, the f5C modification enables pairing of hmtRNAMet f5CAU to AUA codons

through a WC-like A•f5C mispair at the wobble position. In addition to f5C, two other

natural pyrimidine modifications (cmo5U[22] and mcm5s2U[23]) have been shown to enable

increased decoding capabilities through, in part, the formation of WC-like pur-pyr mispairs

wherein the pyrimidines adopt minor enol (G•modU) or imino tautomers (A•modC). The

energetic penalty for adopting the corresponding rare-tautomeric forms is believed to be

attenuated by intermolecular interactions and/or the electronic and steric modulation of the

base by the modifications. Such modifications result in the deviation of the genetic code and

allow for expanded decoding capabilities of translational RNAs. They provide a compelling

example of how high energy pur-pyr mispairs can also be harnessed to expand the

functionality of nucleic acids.

Future perspective

While HG pairs and WC-like mispairs are not new, recent years have seen a veritable boom

in their structural and functional occurrence. Rapidly advancing biophysical techniques and

creative sample engineering coupled with functional assays are making it possible to

visualize such high energy pur-pyr base-pairs under a wide variety of biologically important

structural and functional contexts. The observation of transient HG base-pairs in duplex

DNA, with comparable energetics to canonical WC pairs, when combined with the current

difficulties in resolving WC from HG based on X-ray diffraction data, raises the possibility

that HG base-pairs exist in much greater abundance in vivo. In particular they are likely to

be found in A•T rich regions of the genome where they may facilitate sequence-specific

DNA recognition and other sequence-specific transactions. The heavy reliance on WC

geometry in ensuring replicative, transcriptional and translational fidelity means that high

energy pur-pyr mispairs that can adopt WC-like geometry not only give rise to deleterious

effects, but are also a source of genetic ‘flexibility’ by being the rare exception to the rule.

As with HG base-pairs, it is likely that relatively close energetic differences between these

WC-like mispairs to their canonical counterparts undoubtedly means they will be observed

with increasing frequency in even more complex and significant environments.
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Highlights

• High energy purine-pyrimidine (pur-pyr) pairs are more common than once

thought.

• New spectroscopic methods provide novel insights into pur-pyr pairs.

• Hoogsteen G•C+ & A•T pairs can exist transiently in canonical duplex DNA.

Hoogsteen G•C+ & A•T pairs are important for protein-DNA recognition.

• WC-like pur-pyr mispairs are important in replicative and translational fidelity.
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Figure 1.
Low and high energy pur-pyr pairing schemes. Hydrogen bonding partners for low energy

WC and WB pairs are shaded blue, while high energy HG and WC-like mispairs’ hydrogen

bonding partners are shaded red. (A) Canonical Watson-Crick G•C and A•T pairs. A rough

average WC C1′–C1′ distance is shown as a dashed blue line for comparison with

Hoogsteen pairs. (B) Neutral G•T wobble and ionized A+•C wobble. (C) G•C+ and A•T

Hoogsteen pairing geometry, where purines are shown in the syn conformation. A rough

average HG C1′–C1′ distance is shown as a dashed red line, reflecting the constriction of the
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C1′–C1′ distance by ~2.5 Å. (D) Deprotonated guanine in a WC-like G•T mispair is shown

alongside an imino adenosine in a WC-like A•C mispair. While different tautomers and

ionization states can explain the WC-like geometry, only two were shown for brevity.

Possible ionized & tautomeric states that can explain the WC-like geometry for G•T

mispairs include: G(enol), T(enol), G(N1-) and T(N3-). For A•C mispairs they include:

A(Imino) and C(Imino).
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Figure 2.
New techniques to characterize high energy pur-pyr base-pairs. (A) Imperfect resolution of

crystallographic electron density maps can lead to difficulties in identifying precise pair

geometry. Highlighted in green is an A•T pair modeled to the electron density in the

expected WC geometry. Highlighted in cyan is the same pair re-modeled as a Hoogsteen

pair, showing it conforms to the same electron density map (PDB ID: 2EFW). (B) R1ρ

NMR relaxation dispersion relies on measuring broadening of signals for dominant states

due to exchange with a transient species. The line broadening contribution (Rex) to

transverse relaxation (R2) is measured as a function of the spin lock power (ωeff) and both

power and frequency (Ωeff) of an applied radio frequency. Shown are example relaxation

dispersion profiles for sugar C1′ nuclei in guanine and adenine residues arising due to

exchange with Hoogsteen base-pairs. (C) 2D IR methods aid characterization of three

possible tautomeric states (color-coded) of the ligand oxythiamine. Shown are color-coded

horizontal/vertical lines that connect the diagonal FTIR peaks to cross-peaks of coupled

vibrations that can be correlated to each of the three tautomeric states. (D) Characterizing

base ionization and measurements of pKa using a simple 2-aminopurine (2-AP) fluorescence
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assay. Ionization of a given base as a function of pH results in a change in 2-AP

fluorescence in an adjacent 2-AP – T base-pair.
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Figure 3.
Occurrence and functional roles for Hoogsteen base-pairs. A•T and G•C+ HG base-pairs are

highlighted in blue. (A) Structure of DNA in complex with the p53 tumor suppressor protein

provides a representative example of a DNA-protein complex containing HG base-pairs

(PDB ID: 3IGL). (B) X-ray structure showing that the common DNA damaged purine, N1-

methyladenine, prohibits the traditional A•T WC pairing by a steric clash of the N1-methyl

group (red), and instead stabilizes Hoogsteen base-pairing with T. Protons were added to

A(N1-methyl), A(N6) and T(N1) for illustrative purposes. (PDB ID: 3H8O). (C) Replication

via human lesion bypass DNA polymerase ι (hPolι) proceeds through Hoogsteen (HG)

base-pairing. hPolι is shown poised to insert an incoming dCTP against the template G via

HG base-pair geometry (PDB ID: 2ALZ). (D) Two state conformational exchange between

WC and transient HG A•T and G•C+ base-pairs in canonical duplex DNA showing the

relative populations and exchange rate constants obtained from R1ρ; NMR relaxation

dispersion experiments at pH 6.8 [18••,45•].
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Figure 4.
An atomic view of high energy WC-like pur-pyr DNA and RNA mispairs in complex

environments. Mismatched pur-pyr pairs are shown in blue. (A) A WC-like G•T mispair in

the active site of DNA pol λ, showing an incoming dGTP poised for incorporation against

the template T. Enzymatic pH studies suggest that this pair may be ionized, though a rare-

tautomeric state could not be ruled out (PDB ID: 3PML). (B) Shown is a WC-like A•C

mispair in the active site of DNA pol I with an incoming dCTP poised for incorporation

against the template A. The WC-like geometry can be attributed to the rare-tautomeric state

of either A or C (PDB ID: 3PX6). (C) A WC-like G-U mispair is shown at the first position

of the anti-codon / codon mini-helix of a nearcognate tRNA. The WC-like geometry has

been hypothesized to be due to a raretautomeric state of the pair. A ribosomal RNA is shown

in green interacting with the minor groove of the mispaired guanosine (PDB ID: 3UYD).

(D) A WC-like A-f5C mispair is shown at the wobble position of the human tRNAMet f5CAU

where it can allow for the expanded decoding of an isoleucine codon (AUA) (PDB ID:

4GKK).
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