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Proton transfer and tautomerism in 2-
aminopurine—thymine and pyrrolocytosine—

guanine base pairs

Graham D. Bull and Katherine C. Thompson*

Department of Biological Sciences and Institute of Structural and Molecular Biology, Birkbeck,

University of London, Malet Street, Bloomsbury, London WC1E 7HX

ABSTRACT: Pyrrolocytosine (PC) and 2-aminopurine (2AP) are fluorescent nucleobase analogues of
the DNA nucleobases cytosine and adenine, respectively, and form base pairs with guanine and
thymine. Both fluorescent nucleobases are used extensively as probes for local structure in nucleic
acids as the fluorescence properties of PC and 2AP are very sensitive to changes such as helix
formation, although the reasons for this sensitively are not clear. To address this question ab initio
calculations have been used to calculate energies, at the MP2 and CIS level, of three different
tautomer pairings of PC-G, and two of 2AP-T, which can potentially be interconverted by double
proton transfer between the bases. Potential energy curves linking the different tautomer pairs have
been calculated. For both PC-G and 2AP-T the most stable tautomer pair in the electronic ground
state is that analogous to the natural C-G and A-T base pair. In the case of 2AP-T an alternative,
stable, tautomer base pair was located in the first electronically excited state, however, it lies higher

in energy than the tautomer pair analogous to A-T, making conversion to the alternative form



unlikely. In contrast, in the case of PC-G, an alternative tautomer base pair is found to be the most
stable form in the first electronically excited state and this form is accessible following initial
excitation from the ground state tautomer pair, thus suggesting an alternative deactivation route via
double proton transfer may be possible when PC is involved in hydrogen bonding, such as occurs in

helical conformations.



INTRODUCTION

The photochemical properties of molecules very similar to the natural DNA nucleobases, including
tautomers of the bases, are often significantly different to those of the DNA nucleobases
themselves." The natural DNA nucleobases all have low fluorescence quantum yield and very short
fluorescent decay times.? Fluorescent nucleobase analogues are structurally similar to the natural
bases, and are often able to form Watson-Crick like base pairs with the natural DNA bases, but have
enhanced fluorescent properties i.e. higher quantum yields and longer lifetimes under prevailing
physiological conditions (e.g. pH and salinity). Variations in intra or intermolecular interactions,
solvent exposure or pH changes, may lead to changes in fluorescence properties such as emission
intensity, excitation intensity, or fluorescence lifetime of the probe.? For this reason fluorescent
nucleobase analogues are extensively used as tools by experimentalists working with nucleic acids to
study a wide range of biochemical questions both in vitro and more recently in vivo, examples of
which are given in the recent review article by Xu et al.* A better understanding of the underlying
physical basis for the change in fluorescence properties in different environments is required so that

existing nucleobase analogues may be used more effectively and novel ones designed.

As early as 1969, Ward et al. reported that 2-aminopurine, a structural isomer of the base adenine
(6-aminopurine), was highly fluorescent and could be selectively excited in the presence of natural
nucleobases.” When 2-aminopurine is substituted for adenine it leads to minimal perturbation to the
structure of the nucleic acid as both bases are structurally similar and both can form a Watson-Crick-
like base pair with thymine in DNA and uracil in RNA.*” As an example of this lack of structural
perturbation, the 2-aminopurine containing oligodeoxynucleotide d(CTGA[2AP]TTCAG), is still
recognized and cleaved by the enzyme EcoRI endonuclease.? 2-Aminopurine can also substitute for

guanine and form a wobble structure with cytosine,® which is the basis of mutagenicity of



2—aminopurine.3'9 The left hand structure in Scheme 1, labeled 2AP—T Tpl, ,where Tp stands for
Tautomer pair, shows the bonding of 2AP and thymine in an analogous manner to the Watson-Crick
hydrogen bonding that occurs between adenine and thymine in DNA. The structure on the right
hand side, labeled 2AP-T Tpll, shows an alternative scheme where although the overall geometry is
effectively unchanged, the hydrogen bonding is between different tautomers of both 2AP and

thymine which may be formed following proton or hydrogen exchange between the bases.
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SCHEME 1: Chemical structures of the 2-aminopurine-thymine base pair. The structure on the left,
2AP-T Tpl, is analogous to that of the adenine-thymine base pair commonly found in DNA, the
structure on the right, 2AP—T Tpll, is an alternative hydrogen bonding scheme involving different
tautomers of both 2-aminopurine and thymine that may be formed by exchange of protons within

the base pair.

The free base 2-aminopurine (2AP) itself has two major tautomers, 9H-2AP and 7H—2AP which exist
in water with a 60% : 40% ratio, respectively,'® however incorporation of 2AP into DNA fixes it in the
9H- tautomeric form. The electronic properties of 2AP are an excitation maximum of 305 nm that is
red-shifted compared to adenine,™ which has an excitation maximum at a wavelength of 260.5

nm." The excited-state lifetimes (t) of 2-aminopurine and 2-aminopurine riboside in an aqueous
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environment (pH = 7) are 11.8 ns and 10.4 ns, respectively, with a fluorescence quantum yield (¢;) of
0.66 and 0.65, respectively.”® These values are significantly higher than for the natural DNA bases.
However, when 2-aminopurine is incorporated into a single strand of DNA or RNA its fluorescence is
guenched, and the fluorescence of 2AP is quenched further still upon formation of a DNA duplex or
a DNA:RNA hybrid.? It is the sensitivity of 2-aminopurine to base sequence, temperature and helix

13 The low energy

conformation that enables its use to experimentalists as a fluorescent marker.
absorption maximum of 2AP allows selective and direct excitation when it is incorporated within a
synthetic DNA sequence. 2-Aminopurine has been used in numerous and diverse investigations

including, as examples: as a marker for microRNA,'® promoter structure,'” a sodium ion aptamer,*®

20-22

DNA solvation,™ structural dynamics within DNA?®** and protein induced conformational

changes.®**

Pyrrolocytosine is an analogue of the natural nucleobase cytosine and can form a pseudo
Watson-Crick base pair with guanine, as shown in scheme 2.% Pyrrolocytosine (PC) has an excitation
maximum at a wavelength of 345 nm?® that is red-shifted compared to cytosine which is excited at a
wavelength of 267 nm,** and hence may be selectively excited in the presence of the natural
nucleobases. The usefulness of pyrrolocytosine is that, like 2AP, the fluorescence quantum yield of
pyrrolocytosine is sensitive to the local environment of the nucleic acid in the region in which it is
inserted. Tinsley and Walter quantified the extent of fluorescence quenching of pyrrolocytosine
inserted into the middle of a single strand of RNA consisting of 20 additional bases, which was also
combined with a complementary strand of RNA to form a duplex RNA hairpin.?® It was found that
the steady-state fluorescence of pyrrolocytosine was reduced by ~60% in the single strand RNA and
by ~75% in the duplex RNA structure. Pyrrolocytosine has also found application in the study of

27-29

structure and conformational changes in DNA, metal-ion-mediated hybridization of

oligonucleotides,*® base flipping of pyrimidines,** investigation of DNA lesions, transcription factor

34,35

binding® and in the design of peptide nucleic acids. Scheme 2 shows the expected structure of



pyrrolocytosine-guanine base pair (PC—G Tpl), based on the hydrogen bonding in the cytosine-
guanine base pair. Alternative base pairing can be envisaged involving different tautomeric forms of
both pyrrolocytosine and guanine that may be formed by proton transfer within the base pair, these

alternative tautomeric pairs are also shown in scheme 2, PC—G Tpll and PC-G Tplll.



Pyrrolocytosine Guanine
PC-G Tpl

Pyrrolocytosine Guanine Pyrrolocytosine Guanine
PC-G Tpll PC-G Tplll

SCHEME 2: Chemical structures of the pyrrolocytosine-guanine base pair. The upper structure, PC-G
Tpl, is analogous to that of the cytosine-guanine base pair commonly found in DNA, the lower
structures, PC—G Tpll and PC—G Tplll, are alternative hydrogen bonding schemes involving different
tautomers of both pyrrolocytosine and guanine that may be formed by exchange of protons within

the base pair.

The reasons why the fluorescence of PC and 2AP are quenched in different environments are still
not fully understood but such knowledge would both increase their utility to experimentalists and
aid in understanding the properties, and reasons for the ultimate selection of the natural

nucleobases during evolution. Although there have been numerous publications on the electronic
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properties of the individual, and base stacked, nucleobase analogues pyrrolocytosine and 2-

8153640 i, the present study we have explored the electronic properties of the base

aminopurine,
pair systems, PG—G and 2AP-T, in particular the different tautomeric forms possible in the base
paired systems, and how they may interconvert, considering both the electronic ground state, and
electronically excited states. Equilibrium structures for PC-G and 2AP-T base pair tautomers formed
as a result of double proton transfer are identified for the ground state (Sy) and the first electronic
excited state (S;). Potential energy curves for the electronic ground state (Sy), the electronic first
excited state (S;) and the S, = S, vertical transition are mapped for the transfer of the Ny—(H)N,,

N5 (H)-O¢ and O,—(H)N, protons of the pyrrolocytosine-guanine (PC-G) base pair, and for the N;—
(H)N3 and N»(H)-0, protons of the 2-aminopurine-thymine (2AP-T) base pair. Examination of the
dipole moment curves for the systems as the protons are transferred are also presented to provide

more detail on how the electronic nature of the base pair changes during double proton transfer

leading to the formation of the alternative tautomeric pairings.

MATERIALS AND METHODS

The ground state (Sy) geometry of the Tpl pyrrolocytosine-guanine base pair was optimised at
MP2/cc-pVDZ level using an input geometry taken from Thompson and Myake,*! to produce
structure Tpleg,. Optimized geometries of the other tautomer pairs, Tplleq,i and Tplllequ, were
similarly produced after exchange of the relevant protons. There are three protons shared between
pyrrolocytosine and guanine in the PC—G base pair. Double proton transfer can take place between
N3—(H)N; and N»(H)—Og sites and also between O,—(H)N, and N;(H)—-Og sites (Scheme 2). Each of
the potential energy curves for the H,;, H» and H, proton migrations were constructed by optimising
the structure but with the appropriate N=H bond length frozen in increasing 0.1 — 0.2 A steps up to a
maximum bond length of 2.4 A. All other molecular coordinates were allowed to relax during

geometry optimisation and no symmetry constraints were imposed.



The initial geometries for 2-aminopurine-thymine base pair used in this work were taken from
Hardman and Thompson™ and optimised as before. 2-Aminopurine-thymine have two protons that
can be exchanged between the bases, N;—(H)N; and N»(H)—0, (Scheme 1). As was the case for the
pyrrolocytosine-guanine base pair, the H; and H, proton transfers of 2-aminopurine-thymine
potential energy curves were constructed by freezing the appropriate N-H bond length in increasing
0.1-0.2 A steps up to a maximum of 2.4 A, and again all other molecular coordinates were allowed

to relax during optimisation.

Vertical transition energies were calculated to construct potential energy curves for the So 2 S;
transition as a function of the relevant proton position. The optimised geometries of the first
excited state (S;) were also calculated to define potential energy curves for each of the PC-G and
2AP-T proton transfers. In addition the geometries of the first three excited states (S;, S, and S;) of
each of the tautomer base pairs considered were also determined. All excited state calculations
were performed at the CIS/cc-pVDZ level. The CIS method was selected, rather than time dependent
density function methods, TD-DFT, which are of comparable computational cost, because we wished
to avoid problems associated with poorly represented charge transfer states between the
nucleobases in the base pairs, the energies of which are underestimated by conventional TD-DFT

methods, and may be either over or under estimated with long range corrected TD-DFT methods.™

42,43

MP2 optimised ground state geometries were used as input structures for the excited state
calculations. No scaling has been applied to the vertical transition energies or oscillator strengths
calculated using the CIS method (unless otherwise stated). To compare the transition energies for
the m—>m* transitions to values in the literature readers may wish to apply a factor of 0.72 as
recommended by Broo and Holmén® for these states. All calculations for this study were carried out
using the Gaussian 03 suite of programs and Molekel was used to visualize molecular geometries

and molecular orbitals.***



RESULTS AND DISCUSSION

The results presented in this section for the pyrrolocytosine-guanine and 2-aminopurine-thymine
base pairs are from gas phase calculations only. Calculations using the PCM solvation model*®**’
gave qualitatively similar results to the gas phase calculations and are presented in the
supplementary information. The results of the geometry optimizations presented below were
performed without Counterpoise correction. To estimate the effect of basis set superposition error
structures for which optimized geometries were located in the ground electronic state were re-

optimised including Counterpoise correction, the results reveal marginally longer, <7%, hydrogen

bond lengths in all cases.

Equilibrium Structures of Ground state Pyrrolocytosine-Guanine Tautomers

Possible base pair tautomers for PC—G are shown in Scheme 2. The tautomer PC—G Tpl is
analogous to the Watson-Crick guanine-cytosine base pair, whereas PC—G Tpll could potentially be
formed by the double proton transfer between N3—(H)N; and N5 (H)-Og and PC—G Tplll by the
double proton transfer between O,—(H)N, and N»(H)-O¢. Optimisation of initial structures to find
PC—G Tplequiand PC—G Tplleq, Were successful and showed that PC—G Tpleq,i is the more stable
tautomer pair, with PC—G Tplleq, lying +7.20 kcal mol™ higher in energy. Attempts to find an
equilibrium structure of PC—G Tplll were not successful, as the system moved back to PC—G Tpleqi
each time. It will be shown later that this is not unexpected as any minimum for PC—G Tplllgq is at
higher energy than PC—G Tpleqy and the minimum would be very shallow. The structures of PC-G

Tplequi and PC—G Tpllequi are shown in Figure 1. In PC—G Tpleqi the ring systems were found to be C,-
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symmetric. This is in contrast to the C-G base pair which, when optimised at the same level, gives a
structure where the amino group of guanine show significant pyramidization (Hy-N,-C,-H; dihedral
is 25°) although the hydrogen bond lengths are all similar (within 0.02 A of the PC-G Tplequi

structure ) and the interaction energy is only slightly smaller (by 2 kcal mol™). In PC—-G Tpllequi @
slightly propeller twisted structure is found, which is caused by pyramidization of the amino group of
guanine, with a C,,C,CsC, dihedral angle between the two bases of -5.7°. The three hydrogen bonds

between PC and G are all approximately linear (within 10° of 180°).

PC-GTpll
Figure 1 The ground state (S,) equilibrium geometries of PC—G Tpleq,i and PC—G Tplleqy computed at

eaul

MP2/cc-pVDZ level. The hydrogen bonds between PC and G, indicated by a dashed red line, are all

approximately linear. The lowest energy structure is PC—G Tplequ, With PC—G Tplleq,i being 0.31 eV,
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7.1 kcal mol™, higher in energy. Bond distances are in Angstroms. No such structure is shown for

PC—G Tplll as an optimised geometry in the ground state was not located for this tautomer pair.
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Vertical Excitation Energies and Equilibrium Structures of Excited State Pyrrolocytosine-

Guanine Tautomers

The vertical transition energies from PC—G Tpleq to the first three excited states are shown in Table
1, along with the oscillator strength, f, for the transition and the assignment of the state based on
the orbitals involved. The geometries of the three excited states, S;, S, and Sz, were optimised
successfully and are shown in Figure 2. The vertical transition energies to the ground states from the

excited states in their optimised geometries are also shown in Table 1.

From optimised S, geometry | From optimised Sy geometry
Transition S;to S, | Assignment | AE/eV f AE/eV f
X=1 pc T e 4.77 0.30 4.07 0.27
X=2 "'t 6.16 0.14 4.43 0.17
X=3 "M m*ee | 6.40 0.02 6.15 0.07

Table 1 S, > Sy Vertical excitation energies, oscillator strengths and assignments of the three lowest
singlet vertical transitions of PC—G Tplq, for geometries optimised in both the Sy and Sy states.

Calculations performed at CIS/cc-pVDZ level.

A comparison of the optimised geometry of the S; state of PC—G Tpleq, With the optimised
geometry of the ground state (So) shows an increase of up to 0.126 A in hydrogen bond lengths in
the excited state and a slight pyramidization of the amino group of guanine (N;C,N,H;(;) dihedral
angle = 7.3°, Figure 2). Changes to intramolecular bond lengths mostly affect pyrrolocytosine (Figure

2), supporting the assignment to the local excitation of the pyrrolocytosine monomer.
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Figure 2 Optimised geometries, in plane and profile views, of the ground state (Sy) PC—G Tpleq,i base
pair (computed at MP2/cc-pVDZ level) (a), with first (S;), second (S,) and third (S;) optimised
electronic excited state geometries (b), (c), (d), respectively (computed at CIS/cc-pVDZ). The
hydrogen bonds between PC and G, indicated by a dashed red line, are all approximately linear.

Bond distances are in Angstroms.

The optimised PC—G Tpleq geometry of the second (S,) excited state has a buckled structure
(Figure 2). The source of this distortion lies not in the pyramidization of the guanine amino group,
but is due to an out-of-plane deformation of the ring structure of guanine caused by a twisting and

shortening, from 1.360 A in the S, state to 1.330 A in the S, state, of the N;C, bond.

The optimised geometry of the third excited state (S;) of the PC—G Tpl.q,i base pair (Figure 2) is
essentially C;-symmetric with a slight pyramidization of the amino group of guanine (C»CyCsC,
dihedral angle of -1.3°). Hydrogen bond lengths have changed and there have been greater changes

to intramolecular bond lengths affecting pyrrolocytosine, supporting the transition of e m*pc.
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For PC—G Tpll, a comparison of the structure in the ground state (Sg) with the structure in the

optimised first, second and third excited states (S4, S,, and S3) all show an increase in hydrogen bond

lengths (Figure 3). Changes to intramolecular bond lengths for the S; optimised PC—G Tplleqyi

structure mostly affect pyrrolocytosine, which is consistent with the local excitation of the

pyrrolocytosine monomer (Table 2), again there is slight pyramidization of the amino group of

guanine (N;C,N,H,(;) dihedral angle = -16.4°).

From optimised S, geometry

From optimised Sy geometry

Transition Soto S,  Assignment | AE/eV f AE/eV f
X=1 e ¥ e 4.50 0.19 3.85 0.11
X=2 et e 5.94 0.34 5.70 0.36
X=3 'ng'nte 6.13 0.28 5.89 0.44

Table 2 S, = Sy Vertical excitation energies, oscillator strengths and assignments of the three lowest

singlet vertical transitions of PC—G Tpll.q,; for geometries optimised in both the S, and Sy states.

Calculations performed at CIS/cc-pVDZ level.

Figure 3 Optimised geometries, in plane and profile views, of the ground state PC—G Tplleq; base pair

(computed at MP2/cc-pVDZ level) (a), with first (S,), second (S,) and third (Ss) optimized electronic
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excited state geometries (b), (c), (d), respectively (computed at CIS/cc-pVDZ). A dashed red line

indicates the hydrogen bonds between PC and G. Bond distances are in Angstroms.

The S, optimised structure of PC—G Tpll.q, is interesting, as it is an example of significant distortion
of pyrrolocytosine due to twisting of the N;.C¢ bond and the HyNC¢Hg dihedral angle is -15.9°, as
shown in Figure 4. Perun et al. have observed that an out-of-plane deformation of a ring structure,
such as is observed with PC—G Tpllq in the second (S,) excited state, is associated with nearby
conical intersections and thus potentially fast, non-radiative routes back to the ground state.*®* The
optimised geometry of the third excited state (S;) of PC=G Tplleq,i is Cs-symmetric (Figure 3), with the
greatest changes to the intramolecular bond lengths being for guanine, consistent with local

excitation of that base (Table 2).

Guanine Pyrrolocytosine

Figure 4 Optimised geometry of the S, excited state of the PC—G Tplleq; structure, showing the
distortion caused by twisting of the N;.C¢ bond. The HyN;.CgHg dihedral angle is —=15.9°. Such
twisting may be associated with nearby conical intersections and thus provide a fast, non-radiative,

route back to the ground electronic state.
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The PC-G Tplll structure, which could not be successfully optimised in the ground electronic state,
was successfully optimised in the three lowest lying electronically excited states: Table 3 shows the

energies of the optimised geometries whilst the structures, which are all C,-symmetric, are shown in

Figure 5.
From optimised Sy geometry
Transition Assignment AE/eV f
Soto S,
X=1 e ¥ pe 4.72 0.10
X=2 "Nt 6.18 0.24
X=3 "nec'm*ee 6.61 0.33

Table 3 Vertical transition energies, oscillator strengths and assignment of the three lowest
transitions between the ground electronic state and the geometry optimised excited states of the
PC—G Tpllleq,i base pair. Calculations performed at CIS/cc-pVDZ level. Note excitation energies from

the optimised ground state are not given as no optimised ground state structure was located.
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Figure 5 Optimised geometries, in plane and profile views, of the first (S;), second (S,) and third (S;)
electronic excited state of PC—G Tpllleqy;, (a), (b) and (c), respectively (computed at CIS/cc-pVDZ). A
dashed red line indicates the hydrogen bonds between PC and G. Bond distances are in Angstroms.

No optimised structure for PC—G Tplllin its ground electronic state was located.

Pyrrolocytosine-Guanine Proton Transfer Potential Energy Curves in the electronic ground
state

Potential energy curves for the transfer of a proton between the bases were constructed by
performing a geometry optimisation whilst freezing the relevant N-H bond. As the N-H bond was
frozen at longer and longer distances a proton (or potentially a hydrogen) from the other base
migrated in the opposite direction, hence tautomer base pairs were formed. The general form of
the potential energy curves consist of increasing energy as the frozen bond length is increased,
leading to a local energy maximum (LEnergym.x), followed by a local energy minimum (LEnergymi)
when the two bases have essentially swapped protons (or hydrogens) and an alternative tautomer
base pair has formed. From examination of Figure 6, which shows the potential energy curves for
each of the three ground state proton transfers from PC—G Tpleqy;, it can be seen that the (H)N; and

N (H) potential energy curves have very similar profiles, which is to be expected as the result in both

18



cases is that the same two protons ((H)N; and N»(H)) have been exchanged between pyrrolocytosine
and guanine. There is a slight difference (AE = +0.04 eV or + 0.9 kcal mol™) in the barrier heights
(LEnergymax) between these two potential energy curves. The LEnergy,i, structure formed in both

cases could be optimised without any imposed geometry constraint to form PC—G Tplleqy:.

The dipole moment of PC—G Tplleqi (¢ = 3.4 D) is a little higher than that of PC—G Tpleq,i (¢ = 2.4 D).
Examination of the changes in dipole moments for the formation of PC=G Tplleq,i from PC—G Tplequi
(shown in Figure 7) reveals that the changes are quite different depending upon which proton is
initially migrated. Initial migration of the H; proton of guanine initially increases the dipole moment
between guanine and pyrrolocytosine. At the LDipole., structure (blue curve in Figure 7) the dipole
moment is 7.0 D. The dipole moment is partially reduced by migration of a second proton (H,) from
pyrrolocytosine to guanine. Initial migration of H, from pyrrolocytosine to guanine however initially
decreases the dipole moment as positive charge is being transferred from pyrrolocytosine to
guanine, however the migration of the second proton (H;) from guanine to pyrrolocytosine increases

the dipole moment again.
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Figure 6 Change in energy of the optimised ground state (Sp) geometry as a function of H—N distance
for the proton transfer processes from the PC-G Tpleq, Structure. The top row of structures and
violet line refer to moving the O,—(H)N, proton, showing the initial PC-G Tplq structure, a local
energy maximum (LEnergymax) structure at (H)N, at 1.623 A and a local energy minimum (LEnergymi)
structure at (H)N, 1.723 A and a O,(H) distance of 1.033 A. Unrestricted geometry optimisation of
the LEnergynmin (H)N,—N5(H) double proton transfer structure was not successful in that a structure
for PC-G Tpllleq, was not located, rather the system reverted to PC-G Tpleq. The lower pair of
structures refer to moving the N3—(H)N; (blue line) and N,(H)—Og (red line) protons: the left figure

showing a local energy maximum (LEnergymay) at N»-(H) = 1.316 A and the right figure showing the
20



structure of PC—G Tplleqi (% on potential energy curve) produced by unrestricted geometry

optimisation.

As the (H)N, proton migrates from the amino group of guanine to pyrrolocytosine, a local energy
maximum (LEnergyma) is reached at a (H)N, bond length of 1.623 A (Figure 6) and forms a barrier AE
=1.30 eV (30.0 kcal mol™) above the PC-G Tplequi ground state energy. The migration of a second
proton Hy from pyrrolocytosine to guanine, leads to the formation of a local energy minimum
(LEnergymin) structure at (H)N, = 1.723 A, but the reduction in energy is only slight and this LEnergymin
structure reverted to PC—G Tpleq, upon attempts to optimise it. During transfer of the (H)N, proton
from guanine to pyrrolocytosine the magnitude of the maximum dipole moment (LDipole,,,), shown
in Figure 8, is higher by at least 7.0 D than was found for the (H)N; and N»(H) proton transfers,
indicating increased charge separation as the (H)N, proton is transferred from one moiety to the

other.
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Figure 7 Dipole moment as a function of N—H distance for the (H)N; and N,(H) proton transfers from
the ground state (So) optimised PC—G Tpleqi Structure. Showing (top row of figures left to right) PC—

G Tplequi Structure, LDipolen., for (H)N; proton transfer and LDipole.x for N;(H) proton transfer. Left
inset figure is LDipole,,, for N»(H) proton transfer and right inset figure is LDipole, for N;(H) proton

transfer.
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Figure 8 Change in dipole moment of the optimised ground state (Sy) geometry as a function of H, to

N, distance for the proton transfer process O,—(H)N, from PC=G Tpleqy. Showing the Tpleq, Structure

of PC-G, a local maximum in the dipole moment of (H)N, at 1.623 A and a local minimum in the

dipole moment at (H)N, 1.723 A and a O(H) distance of 1.033 A.

Pyrrolocytosine-Guanine Proton Transfer Potential Energy Curves in electronically excited

states

Transfer of protons to form alternative tautomer pairs in the first electronically excited state was

explored in a similar manner to the ground state, by performing a, in this case excited state,
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geometry optimisation whilst freezing the relevant N-H bonds at increasing longer lengths. The

potential energy (Figure 9) and dipole moment curves (Figure 10) for the PC—G proton transfers in

the first excited state have a very similar profile to those of the ground state (Sy) (Figures 6,7 and 8),

the key difference being that although in the ground electronic state it was not possible to optimise

PC—G Tplllequi, this was possible in the first excited state (S,).
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Figure 9 Potential energy as a function of N-H distance for the (H)N,, (H)N;, N»(H) proton transfers
from the S; PC-G Tplequi Structure, and the energies of the PC—G Tpllequi (%) & PC—G Tplllequi (%)
optimised S; geometries. Calculations were performed at the CIS/cc-pVDZ level. In the S, state the

PC—G Tplleqy structure is lower in energy than the PC—G Tpleq, Structure.
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Figure 10 Dipole moment as a function of N—H distance for the (H)N,, (H)N; and N»(H) proton
transfers from the PC-G Tpleq, structure in the S; optimised geometries. Showing (top row of figures
left to right) PC—G Tplequi and LDipolen,y for (H)N, proton transfer; (middle row of figures left to right)
LDipolen, for N7(H), LDipolemay for (H)N; and LDipole. for N7(H) proton transfers; (bottom row of

figures left to right) LDipole., for (H)N; and (H)N, for LDipole,,;, proton transfers.

Possible conversion pathways between PC-G Tpl, PC-G Tpll and PC-G TpllI

PC—G Tpl is the more stable structure in the ground electronic state, whilst PC—G Tpll is more
stable in the first excited state. In the ground state only a very small fraction of PC—G would be
expected in PC—G Tpll as this structure is over 7 kcal mol™ higher in energy than PC-G Tpl. Excitation
of PC—G Tpl to S; requires 4.77 eV (Table 1), which could lose 0.70 eV as it undergoes vibrational
relaxation to the optimised S, structure of PC—G Tpl, which is 4.07 eV above the ground state.
However, as the energy of optimised geometry of PC—-G Tpll in the first excited state, 3.85 eV, is
lower by 0.22 eV (5 kcal mol™), than the initially formed excited state PC—G Tpl, double proton
transfer is possible to yield PC—G Tpll in the excited state. Note that 4.77 eV is higher in energy than
the barrier at about 1.3 A shown on Figure 9. Once formed in the excited state PC—G Tplleq, would
provide an alternative route back to the ground electronic state, either via fluorescence back to the
ground electronic state of PC—G Tpll or via some other route. Once formed, ground state PC—G Tpll
could convert back to PC-G Tpl by crossing the local energy maximum barrier, 3.205 kcal mol™ at
1.318 A shown on Figure 6. Excitation of PC—G Tpl to the first excited state does not provide
sufficient energy to cross the barrier located at about 1.6 A required to form PC—G TpllIl in the first

excited state by double proton transfer.

Equilibrium Structure of Ground state 2-Aminopurine-Thymine Tautomers
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Two possible tautomer pairs for 2-aminopurine-thymine (2AP-T) are shown in Scheme 1. The MP2
optimised geometry of the 2AP-T Tpl.q, base pair, equivalent to the lowest energy tautomer pair for
the natural base pair A-T, was the only tautomer pair for which a minimum energy structure was
found in the ground electronic state. The optimised structure is buckled (Figure 11), owing to
pyramidization of the amino group of 2-aminopurine (2AP) with a N;:.CyNyHy ;) dihedral angle of
22.3°. This pyramidization of the amino group of 2-aminopurine is greater than that seen in the
equivalent structure for A-T, where the H,-Ng-Cs-Ny- dihedral angle is 12.5° when A-T is optimised at
the same level. The thymine in the 2AP-T and A-T base pairs has a flat ring structure. The two
hydrogen bonds between 2AP and T are approximately linear, as expected (within 5° of 180°). The
equivalent two hydrogen bonds lengths and angles in the A-T base pair optimised at the same level

are within 0.1 A and 2° of those in 2AP-T.

Figure 11 The ground state (So) equilibrium geometry of 2AP-T Tpleq, at MP2/cc-pVDZ level. Bond
lengths are given in Angstroms. No such structure is shown for 2AP-T Tpll as an optimised geometry

in the ground state was not located for this tautomer pair.

Vertical Excitation Energies and Equilibrium Structures of Excited State 2-Aminopurine-Thymine
Tautomers
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The vertical transition energies from 2AP-T Tplq, to the first three excited states are shown in
Table 4, along with the oscillator strength, f, for the transition and the assignment of the state based
on the orbitals involved. The geometries of the three excited states, S, S, and S;, were optimised
successfully and are shown in Figure 12. The vertical transition energies from the optimized excited
states to the ground states are also shown in Table 4. The hydrogen bond lengths of the 2AP-T

Tplequi base pair in the ground state (Sy), first (S1), second (S,) and third (S;) excited states are shown

in Figure 12.
From optimised S, geometry | From optimised Sy geometry
Transition Assignment | AE/eV f AE/eV f
Soto S,
X=1 one T opp | 5.57 0.38 5.12 0.41
X=2 "nrint 6.30 0.00 4.85 0.00
X=3 Yty 6.42 0.30 5.32 0.16

Table 4 S, > Sy Vertical excitation energies, oscillator strengths and assignments of the three lowest
singlet vertical transitions of the optimised geometries of the 2AP-T Tpl,,; for geometries optimised

in both the Sy and Sy states. Calculations performed at CIS/cc-pVDZ level.
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Figure 12 Optimised geometries, in plane and profile views, of the ground state (So) 2AP—T Tplequi
base pair (computed at MP2/cc-pVDZ level), (a), and the first (S,), second (S,) and third (Ss)
electronic excited state geometries (b), (c), (d), respectively (computed at CIS/cc-pVDZ). A dashed

red line indicates the hydrogen bonds between 2AP and T.

Bond distances are in Angstroms.

The third transition (S;) of 2AP—T Tpleq is interesting in terms of changes to the geometry of the
base pair, shown by twisting of the C;Cs double bond of thymine which has a HgC¢CsC; dihedral angle
of -61.2°. This distortion may indicate the presence of a nearby conical intersection present in
thymine, as described by Perun et al.,”® which features out-of-plane distorted geometries of the
six-membered heteroaromatic ring. Whereby, the Hg atom and methyl group are twisted out of the
plane of the ring (Figure 12) and the CsC¢ bond increases in length by 0.076 A. These geometrical

changes in thymine are consistent with 'LE(mi;1t*;) excitation.

The 2AP-T Tpll structure can be formed by exchanging a proton from the (H)N; of thymine to 2-
aminopurine and the Ny(H) of 2-aminopurine to thymine. Although an optimised structure for 2AP—
T Tpll could not be found in the ground electronic state, this tautomeric pair could be successfully

optimised in the first electronically excited state, although it was higher in energy than the first
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excited state of the 2AP—T Tpleq, Structure. The S; structure of 2AP-T Tplleq, has a Ny(H) bond length
of 1.812 A with a AE = 0.40 eV (9.2 kcal mol™) above the S; optimised 2AP—T Tpleq,; structure. Table 5
shows the vertical transition energies from the optimised geometries of the three lowest lying
excited states of 2AP—T Tplleq. Vertical transition energies from the optimised ground state (So) are

not shown since 2AP-T Tpll.q, could not be optimised in its ground state (S;) geometry.

30



From optimised Sy geometry

Transition Assighment AE/eV f
Soto S,
X=1 Yo' M*2ap  5.53 0.24
X=2 Uity 6.62 0.23
X=3 Unelnxy 6.66 0.00

Table 5 Vertical transition energies, oscillator strengths, f, and assignment of the three lowest
transitions of the optimised geometries of the 2AP—T Tplleq, 2-aminopurine-thymine base pair.
Calculations performed at CIS/cc-pVDZ level. Note excitation energies from the optimised ground

state are not given as no optimised ground state structure was located.

The geometries of the optimised S;, S; and S; structures of 2AP—T Tplle,, are shown in Figure 13. The
geometry of 2AP-T Tplleq in the first excited state (S,) is flat with a C¢C,.C,C, dihedral angle of 0.0°,
whereas the optimised geometry of the second excited state (S,) has a puckered structure, due to
twisting of the N,Cgs bond of thymine, with a H;N;C¢Hg dihedral angle of 17.4°. The S; optimised

structure of 2AP-T Tplleq is also distorted, here by a twisting of the CsCs bond of thymine, with a

C,CsCsHg dihedral angle of 37.5°.
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Figure 13 Optimised geometries, in plane and profile views, of the 2-aminopurine-thymine base pair
with first (S,), second (S,) and third (S;) electronic excited state geometries of 2AP—T Tplleq (a), (b)
and (c), respectively (computed at CIS/cc-pVDZ). A dashed red line indicates the hydrogen bonds

between 2AP and T. Bond distances are in Angstroms.

2-Aminopurine-Thymine Proton transfer Potential Energy Curves in the electronic ground

state

Examination of the potential energy curve (Figure 14) for the migration of the N, (H) proton from
2-aminopurine to thymine, in the ground electronic state, shows that there are no clearly defined
LEnergymax or LEnergymin Structures observed as was previously seen for the potential energy curves
of proton transfer in the pyrrolocytosine-guanine base pair, and, as has been noted previously, no
optimised structure was found for 2AP—T Tpll. Any attempt to optimise the structure at the

LDipolen, without imposed geometry constraints produces the 2AP—T Tpleq, Structure.
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Figure 14 Change in energy of the optimised ground state (Sy) geometry as a function of N, to Hy
distance of the gas phase 2AP-T Tpl.q base pair for the proton transfer process N, (H)-O,. Showing
the 2AP-T Tpl.q structure, a local dipole maximum (LDipole,) of N»(H) at 1.343 A and a local
dipole minimum (LDipole,,) at N»(H) = 1.443 A and a (H)O, distance of 1.121 A. No LEnergymin
structure for 2AP-T Tpll was located and unrestricted geometry optimisation of initial geometries for
2AP-T Tpll, performed at MP2/cc-pVDZ level, did not locate a minimum energy structure for this

tautomer pair.

Migrating the proton (or hydrogen) from (H)N; first leads to a slightly different situation (Figure
15). Alocal energy maximum structure was located at a relatively large (H)N; bond distance, (H)N; =

1.950 A, with an energy barrier of AE = 0.96 eV (22.1 kcal mol™) above the 2AP-T Tplequi Structure.
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However, as the migration of the (H)N; proton proceeds the alignment of hydrogen bond donors and
acceptors adjusts and the previously migrated (H)N; proton is now attached to the O, atom of
thymine and is hydrogen bonded to Ny of 2-aminopurine. This geometrical distortion is also
accompanied by a rapid decrease in energy of the potential energy curve by AE = 0.55 eV (12.7 kcal
mol™) at the LEnergym structure (Figure 15). As a consequence, it is not possible to form 2AP-T

Tpllequi by migration of the (H)N; proton from thymine to 2-aminopurine.
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Figure 15 Change in energy of the optimised ground state (S,) geometry as a function of H; to N;
distance of the gas phase 2AP-T base pair for the proton transfer process N;y—(H)N3. Showing the

2AP-T Tpleqyi Structure, a local energy maximum (LEnergymay) of N»(H) at 1.950 A and finally a
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rearrangement such that 2-aminopurine is in its original tautomeric form and thymine is in an

alternative tautomeric form. An equilibrium structure for 2AP—T Tpll could thus not be located.

2-Aminopurine-Thymine Proton Transfer Potential Energy Curves in excited electronic ground

states

The potential energy curve of the optimised first excited state (S,) starting from 2AP—T Tpleq, With
the migration of the N,(H) proton from 2-aminopurine to thymine comprises, with one exception, of
LE(nt*) transitions on 2-aminopurine (Figure 16). There is a local energy maximum at (H)N, = 1.343
A, that is AE = 0.66 eV (15.2 kcal mol'l) above the S; 2AP-T Tpleqi structure. There is also a reduction
in hydrogen bond distances between the 2AP-T base pairs at the LEnergy,.x structure (middle base

pair of top row Figure 16).
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Figure 16 Change in energy and dipole moment of the gas phase optimised geometry for the first
electronic excited state of the 2AP-T base pair for the proton transfer process N,(H)-0,. Showing
the structure of 2AP-T Tplequ;, the local energy maximum structure of N»(H) at 1.323A and 2AP-T
Tpllequi at Nx(H) = 1.812A produced by unrestricted geometry optimisation (X on potential energy
curve) is shown as an inset figure on the plot. The symbols € represents a state with some charge

transfer character, (Tppmt™7).
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Transfer of a second proton (H;) from thymine to 2-aminopurine results in the formation of a
LEnergymi, structure at (H)N,= 1.623 A (Figure 16). There is a decrease in both the energy (AE = 0.25
eV or 5.8 kcal mol™) and dipole moment (AQ = 2.7 D) from the S; optimised LEnergyma, to the S;
optimised LEnergym, structures. The optimised S; LEnergy i, structure is higher in energy (AE = 0.38
eV or 8.8 kcal mol™) than the S; optimised 2AP-T Tplequi Structure. The geometry optimised
structure of 2AP-T Tplleq in its first electronically excited state (S;) was found by the optimisation of

the S; LEnergy.i, structure at CIS level without applying a geometry constraint.

The form of the potential energy curve of the S; optimised geometry as a function of Hy—Nj;
distance (Figure 17) closely follows the shape of the Sy ground state, with a local energy maximum
found at (H)N5 = 1.950 A which is 0.69 eV (15.9 kcal mol™) above the S; optimised 2AP-T Tplequi
structure. The dipole moment of the S; optimised geometries form a similar curve to that of the S,

ground state (Figure 15), reaching a local maximum (p = 8.7 D) at (H)N5 = 1.950 A (Figure 17).
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Possible conversion pathways between 2AP-T Tpl and 2AP-T Tpll

Conversion from 2AP-T Tpl to 2AP—T Tpll in neither the ground nor first electronically excited
state is likely. In the ground state only 2AP—T Tpl was found to be stable. In the first excited state,
although 2AP-T Tpll could be optimized to yield a minimum energy structure in this tautomeric
form, the structure is less stable than 2AP—T Tpl in the first excited state and there is insufficient
energy in the S; = S; vertical transition at the 2AP—T Tpleq, Structure to surmount the S; optimised

potential energy barrier at Ny(H) = 1.323 A and form 2AP—T Tpllin the excited state.

CONCLUSION

Three base pair tautomers of PC—G were studied. In the electronic ground state the lowest energy
tautomer pair was found to be PC—G Tpleq,;, Which is analogous to the lowest energy tautomer pair
of C—G. A second tautomer pair, PC—G Tplleq, was found but was less thermodynamically stable than
PC—G Tplequi in the ground electronic state. A third structure, PC—G Tpllleq,, was not found to be
stable in the ground electronic state. In the first electronically excited state however, PC—G Tpllequi
was found to be more stable than PC—G Tplgq,. It is suggested that excitation of PC—G Tpleqy to the
first electronically excited state could lead to the formation, via double proton transfer, of
electronically excited PC—G Tplleqi, which would return to the ground electronic state, forming
ground state PC—G Tplleq. Thus an excited state double proton transfer reaction could provide an
alternative route for electronically excited pyrrolocytocine to return to the electronic ground state
when in a base paired environment, and thus may be responsible for the different fluorescence
properties of pyrrolocytosine in hydrogen bonded environments, compared to when not hydrogen

bonded.
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In the case of the 2-aminopurine-thymine base pair, only one tautomer 2AP-T Tplequ;, Which is
analogous to the A-T structure, was found to be stable in the ground electronic state. In the first
electronically excited state a second tautomer pair structure was found to be stable, 2AP—T Tpll but
this structure is less stable than the 2AP-T Tpleq, in the first excited state, and excitation of 2AP-T
Tplequi to the first excited state is not expected to lead to the formation of 2AP-T Tpllin the excited

state.

In summary, the potential energy curves found in this work have enabled the identification of
stable ground state (Sy) and first electronic excited state (S,) base pair tautomers for PC—-G and 2AP-
T and suggest, in the case of PC—G, that excited state conversion of tautomeric forms may occur,
allowing potentially for alternative decay pathways when PC is in a hydrogen bonded environment

with guanine.

Supporting Information

Ground State (So) PC—G Potential Energy Curves (Solution Phase), Ground State (So) PC—G Tpllequi
Structure (Solution Phase), Excited State (S;) PC—G Potential Energy Curves (Solution Phase), PC-G
Tpllequi Structure in Electronically Excited States (Solution Phase), Ground State (S,) 2AP-T Potential
Energy Curves (Solution Phase), Excited State (S;) 2AP-T Potential Energy Curves (Solution Phase),

and 2AP-T Tplleq Structure in Electronically Excited States (Solution Phase).
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