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Two photon ionisation of 2-aminopurine (2AP) has been monitored following 267 nm irradiation in
neutral and acidic aqueous solutions using picosecond time-resolved infrared spectroscopy (ps-TRIR).
The transient infrared spectra obtained in neutral and acidic conditions show significant differences
that are consistent with the formation of different species, namely the 2AP radical cation, 2AP**, in
acidic conditions and the uncharged radical, 2AP*(-H"), in neutral conditions. The ps-TRIR data
indicate that deprotonation of 2AP** in neutral solution takes place within <2 ps following
photoionisation. DFT calculations (EDF1/6-31+G¥*) were used to support the assignment of the

intermediates observed in these spectroscopic experiments.

Introduction

There is considerable research into DNA photochemistry'? par-
ticularly since UV/visible irradiation of the DNA constituents
has the potential to initiate events that may ultimately lead to
mutations and the onset of cancer.® Its effects have been recently
highlighted in a review by Moller and Mousseau reporting the
biological consequences of Chernobyl over the last 20 years.*

Understanding the consequences of DNA damage brought
about by radiation remains a serious intellectual challenge. It is
known that one electron ionisation of the DNA bases produces
the corresponding base radical cations® and these species can
under suitable conditions easily lead to the fixation of genetic
damage; for example, through the formation of mutagenic 8-
0x0-7,8-dihydroguanine (8-o0xo-G) produced by the reaction of
guanine radical cation with water.®

Photoexcitation and ionisation of DNA induces “direct” dam-
age to the genetic code. However, an alternative mechanism,
“indirect” DNA damage is also possible when a chemical or
photochemical reaction occurs between an activated agent and
a DNA base. Indirect damage has been studied in a number of
ways including using the DNA intercalator’ [Ru(phen),(1,4,5,8-
tetraazaphenanthrene)]* and modified DNA bases such as 4-
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pivaloylated thymidine® and 2-aminopurine.” The target of dam-
age within the DNA double helix is via oxidation of guanine, the
base with the lowest ionisation potential.*’

2-Aminopurine (2AP) is a DNA base analogue with a structure
very similar to that of adenine and guanine, see Scheme 1. The
scheme depicts the most stable 9-H tautomer, however, for 2AP
in solution phase a second tautomer is known to exist with a
hydrogen atom located at the N7 position."

6 7
1 N
N
pu
2 Z
HZN)\N N
3

Scheme 1 Molecular structure of 2-aminopurine (2AP).

When incorporated into DNA, 2AP mimics A and G in so far
as participating in the Watson—Crick base pairing with thymine
or cytosine forming unperturbed double helical DNA structures.'
However, unlike the natural DNA bases which do not sufficiently
absorb light with 4 > 260 nm, 2AP has an intense electronic
absorption band at 305 nm (¢ = 6020 M~' cm™')."* This permits
incorporation of 2AP in synthetic DNA sequences and the low
energy absorption maximum of 2AP allows direct and selective
excitation of this base mimic within DNA. Also, unlike the natural
DNA bases, the lowest singlet excited state of 2AP is characterised
by a long lifetime ca. 10 ns* and this has led to its extensive use in
DNA studies. Thus 2AP has been used as an internal fluorescent
probe for the study of DNA solvation® and structural dynamics
studies including base-pairing interactions in DNA, structural
perturbations resulting from the base bulges and protein induced
DNA melting.'"” Furthermore, 2AP can be easily ionised with
308 nm laser light in a two-photon process that has been confirmed
by detection of the solvated electron using time-resolved transient
absorption.” The possibility to selectively ionise 2AP while it is
incorporated into DNA strands provides a convenient way of
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injecting charge into the synthetic polynucleotide sequences and
the redox potential of ionised 2AP (2AP** or the deprotonated
form 2AP*(-H")) is such that it is capable of oxidising 8-oxo-G and
guanine®'® but not the other DNA bases. This reactivity has been
utilised to investigate the reversible electron transfer reaction from
ionised 2AP to guanine with a series of synthetic oligonucleotides
to demonstrate the distance dependence and the efficiency of this
reaction.”!"

While several methods of injecting charge into DNA double
helix exist monitoring the subsequent reactions and formation
of damage products in real time is problematic due to the lack
of sensitive versatile spectroscopic methods. Pump-probe fast
reaction methods based upon monitoring the transients formed
using UV/visible absorption (transient absorption TA) has been
the most frequently used method to date employed to study
DNA base intermediates produced either by ionisation, pulse
radiolysis or indirect oxidative reactions.****' However, spectro-
scopic bands observed in UV/Visible spectroscopy are often broad
and featureless and provide little structural detail. While EPR
spectroscopy provides a structural probe of the intermediates,
its application to study ultrafast reactions of DNA is hampered
by the limited time-resolution of this technique. Recently we
have reported on the use of picosecond time resolved infrared
spectroscopy (ps-TRIR) to monitor the effect of UV excitation to
either produce singlet excited states?? or ionised products® of DNA
bases and polynucleotides. In addition we have also demonstrated
that ps-TRIR can be used to monitor the indirect reaction
of guanine with the important biological oxidant, carbonate
radical.?

Although ionised 2AP has been used in many mechanistic in-
vestigations of electron transfer process in DNA, the nature of the
intermediates involved in this reaction often remains ambiguous.
Oxidising species might be either the positively charged radical
cation 2AP** or the neutral radical 2AP*(-H*). Indeed based on the
observed isotope effect it was suggested that the electron transfer
reaction between ionised 2AP and guanine is proton coupled*
thus the nature of the 2AP species might play the crucial role
in determining the rate of this process. Previously, ionisation of
2AP in solution was studied using UV/Visible TA techniques.
Biphotonic ionisation of neutral aqueous solutions of 2AP (pH =
7) with 308 nm light results in the formation of the 2AP radical
(2AP’), detected on the nanosecond timescale (4,,,, at 300-400 nm
in TA), but not the radical cation 2AP**.? This was attributed to
the fast deprotonation of 2AP** and this rate is expected to be pH
dependent. Consistent with this, 2AP** was detected at low pH
values and the pK, of 2AP radical cation (4,,, at 355 nm in TA)
was established to be 2.8.8

In this paper we apply ps-TRIR to study the photochemistry
of 2AP in aqueous solution at different pD following a 267 nm
laser irradiation in order to obtain the structural fingerprint and
establish the nature of the different intermediates of the ionised
mimic of DNA base.

Experimental

2-Aminopurine, D,0 (99.99%), DCI (25%), NaCl (all Aldrich)
were used as received without further purification. UV/Visible
measurements were carried out on a Lambda Perkin Elmer Spec-
trometer. FTIR measurements were carried out on Nicolet Avatar

360 spectrometer; prior to data acquisition the spectrometer
sample compartment was purged with nitrogen gas for at least
15 min until a negligible change in the background spectrum in the
water vapour absorption region (1500-1900 cm™"') was achieved.
pD was adjusted by adding small aliquots of DCI to the solution
of the sample. pH was measured on Hanna Instruments pH210
microprocessor pH meter (£0.02 accuracy) and pD was calculated
from these values according to eqn (1).%

pD=pH + 04 (1)

ps-TRIR measurements

The picosecond TRIR experiments were carried out on the
PIRATE apparatus at the Central Laser Facility of the CCLRC
Rutherford Appleton Laboratory. This apparatus has been de-
scribed in detail previously.?® Part of the output from a 1 kHz,
800 nm, 150 fs, 2 mJ Ti-Sapphire oscillator/regenerative amplifier
(Spectra Physics Tsunami/Spitfire) was used to pump a white light
continuum seeded -BaB,O, (BBO) optical parametric amplifier
(OPA). The signal and idler produced by this OPA were difference
frequency mixed in a type I AgGaS, crystal to generate tuneable
mid-infrared pulses (ca. 150 cm™' FWHM, 1 pJ), which were split
to give probe and reference pulses. Third harmonic generation
of the residual 800 nm light provided 267 nm pump pulses. The
broad absorption spectrum of e,, allows monitoring its formation
at 800 nm probe wavelength, achievable within the PIRATE
system and away from absorption of 2AP intermediates.”* Both
the pump and probe pulses were focused to a diameter of 200—
300 um in the sample. Changes in infrared absorption at various
pump-probe time delays were recorded by normalising the outputs
from a pair of 64-element MCT infrared linear array detectors
on a shot-by-shot basis. In all TRIR experiments static samples
were used 7e. a small volume of solutions saturated in 2AP (ca.
1 mM) were placed between two CaF, windows of an IR cell
(Harrick Scientific Corp.), ca. 56 um pathlength. The samples
were monitored by FTIR spectroscopy and changed frequently to
prevent decomposition of 2AP.

DFT calculations

The EDF1/6-31+G* functional,?” which has been shown to be
accurate for frequency calculations,”® was used for calculating the
harmonic vibrational frequencies of 2-aminopurine and related
molecules. The calculations were performed using Q-Chem 2.1
software package.?”” The exchange—correlation quadrature was per-
formed using an Euler—-Maclaurin—Lebedev grid*® with 100 radial
and 194 angular points on each atom. Each frequency calculation
was preceded by a geometry optimization. The Onsager®! and
Langevin® solvation models were used to predict solvatochromic
shifts in order to facilitate comparisons with the experimental
spectra. In the Onsager model the solute is placed in a spherical
cavity surrounded by a continuous solvent medium characterised
by a dielectric constant. Three parameters are required to define
the system: the cavity radius, the polarizability, and the dielectric
constant.’® The Langevin dipole solvation model is based on the
evaluation of interactions between the electrostatic field of the
solute and point dipoles placed on a cubic grid surrounding the
solute. This grid of dipoles is surrounded by a dielectric continuum.
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The solute electrostatic field is generated from the point charges
placed at the atomic nuclei. To obtain the solvation free energy, all
the effects must be summed up, namely the electrostatic part of the
solvation energy, the outer continuum dielectric, van der Waals,
hydrophobic, and solute-polarization terms.*

Results and discussion

Fig. 1 shows the series of FTIR spectra recorded for 2AP in D,0
following pD change from 7 to 2. The decrease in pD leads to the
reduction in intensity of the bands centred at 1582 and 1626 cm™!,
while two new bands centred at 1597 and 1670 cm™' grow in.
The positive shift of the IR bands of 2AP with decreasing pD is
consistent with its protonation. Protonation can result in either a
positive or a negative shift of the IR bands depending on whether
the bonds weaken or strengthen. In purines it is generally observed
that skeletal stretching motions move to higher wavenumber upon
protonation.?*3*

Absorbance

1700 1650 1600 1550
Wavenumber / cm™

Fig. 1 A series of FTIR spectra recorded for 1 mM 2-aminopurine
solution in D, O following decrease in pD from pD = 7 to pD =2 (pD =
7.3;5.9;4.7,4.4,4.2,4.0; 3.9; 3.7, 2.0).

This could be explained by an increase in the electron density of
the carbon atom adjacent to the nitrogen atom that is protonated.*
Our result is consistent with a pK, of 3.8 for protonation of
2AP as previously reported.” Lowering the pD of the solution is
accompanied by only minor changes in the UV/Visible absorption
spectrum and thus in both neutral and acidic solutions we expect
to populate the n—m* singlet excited state with 267 nm excitation.

Fig. 2 shows a series of ps-TRIR spectra obtained following
267 nm excitation of 2AP in D,O at pD = 7 (a) and pD = 2 (c).
The inserts show the kinetic TRIR recovery traces obtained from
the IR band maxima. It is clear that in both neutral and acidic
environments the ground state bands are bleached immediately
following excitation and that partial recovery occurs on the
timescale of the ps-TRIR experiment (2 ns).

Tonisation of 2AP following 267 nm irradiation was confirmed
by monitoring the absorption of solvated electron at 800 nm
which was considerably more intense than that for the control
experiment obtained following 267 nm irradiation of the pure
solvent (Fig. 3). We monitored the absorbance of the solvated
electron while varying the laser energy and found that ionisation
was consistent with a biphotonic process at both pD = 7
and pD = 2.
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Fig. 2 Series of TRIR spectra obtained following 267 nm excitation of
1 mM solution of 2-aminopurine in D,O at (a) pD = 7 at time delays of
5,20, 75, 200, 400, 1000 and 2000 ps and (c¢) pD = 2 at 5, 20, 75, 200, 750
and 1500 ps. Inserts show the single point kinetic recovery traces in the IR
band maxima at (b) pD = 7 and (d) pD = 2.
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Fig.3 Kinetic decay traces obtained at 800 nm (monitoring e,,) following
267 nm irradiation of (a) | mM 2-aminopurine in D,O at pD =7, (b) | mM
2-aminopurine in D,O at pD = 2 and (c) pure D,O.

At neutral pD no strong positive transient bands in the region
studied (1450-1700 cm™") were observed in the ps-TRIR spectra.
Multi-curve analysis of these ps-TRIR spectra did not reveal any
transient features hidden beneath the bleached bands, Fig. 4.
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Fig. 4 (a) FTIR and TRIR spectra obtained (b) 2 ps and (c) 2000 ps
following 267 nm irradiation of 1 mM solution of 2-aminopurine in D,0O
at pD = 7 (@). Solid lines in (b) and (c) represent multi-curve fit of these
data.

In order to help the assignment of the transient spectra
we performed DFT calculations, see electronic supplementary
information (ESI).i The calculations of the IR spectra of 2AP
in the ground state show good agreement with experiment (ESL
Fig. 1). Above we noted that 2AP in aqueous solution exists in
two tautomeric forms, the 7-H and the 9-H forms. Time resolved
fluorescence studies have demonstrated that the ratio of these two
species in aqueous solution is ca. 4 : 6, respectively." The IR spectra
calculated for 7-H and 9-H tautomers in the ground state (ESL,§
Fig. 1) do not possess any characteristic features to enable an
unequivocal assignment of the experimental spectrum to either of
the two forms.*

Photoionisation of 2AP in neutral solution has been previously
shown to produce the deprotonated form, 2AP*(-H*), on the
nanosecond timescale.” The calculated IR spectra of the four

different tautomers of 2AP*(-H*) with proton excluded from
different possible sites are given in the ESI.{ Of these four species
the lowest energy tautomer, 2AP radical deprotonated from amino
group, 2AP*(-2-H*), was previously reported to form following
deprotonation.” Our calculations for this species both in the gas
phase and in the solution phase do not predict intense IR bands
in the spectral region of interest, 1500-1700 cm™', Table 1, while
the spectra calculated for the three other tautomers (2AP*(-6-H"),
2AP*(-8-H*) and 2AP*(-9-H"), see ESII) predict intense vibra-
tional bands in this region. The formation of 2AP*(-2-H) is
therefore in agreement with our experimental TRIR spectrum
in neutral solution showing no intense IR transient bands. The
spectrum of 2AP*(-H*) should be contrasted with the initial
product of ionisation 2AP** for which IR bands are observed
in this region (see below).

We interpret our results to indicate that the main species
formed following 267 nm excitation in neutral D,O solution
(pD = 7) is 2AP*(-H"), the deprotonated radical cation, and
that deprotonation occurs within 2 ps following excitation. In
addition to the ionisation product we also expect to generate the
excited state of 2AP by a monophotonic process. The processes
which follow an excitation of 2AP in neutral aqueous solution are
outlined in Scheme 2.

oy e 5D
—_—
. HN)\N/ u HzN)\N/\u
2AP(-2-H*) 24P+
2hv
NN —r /j: \
H zN/"\/"IH> ~10 ns )\ >
2AP 2AP*

Scheme 2 Processes following absorption of 267 nm light by 2-aminop-
urine in aqueous solution at pH = 7. Monophotonic excitation (/v) results
in the formation and subsequent decay of the excited state, while two
photon excitation (2/4v) leads to the ionised product which deprotonates
within 2 ps. The proton loss can be suppressed in acidic solution
atpH = 2.

Table 1 Ground state and transient FTIR band positions obtained following UV irradiation of 2-aminopurine in fluid D, O solution at room temperature

Calculated IR band Calculated IR band Calculated IR band Calculated IR band
FTIR 2AP (pD =7) positions 2AP** positions 2AP“¢ TRIR 2AP (pD = 2)~¢ positions 2AP**** positions 2AP*¢
1626 1643 (354) 1642 (453) 1670 1648 (17) 1650 (19)
1632 (195) 1638 (14) 1580 1617 (156) 1617 (171)
1582 1578 (107) 1575 (92)
1522 1512 (139) 1515 (83)
1437 1478 (104) 1476 (66)
1426 1431 (207) 1432 (137)
1377 1359 (41) 1392 (17)

“Calculated IR band position (cm™") and relative intensity in parentheses. * The calculated values shown use the Onsager solvent model (all other
calculations can be found in the ESIf). ¢ The calculated values shown use the Langevin solvent model (all other calculations can be found in the ESIf).

4 Measured with ps-TRIR in the spectral region 15001800 cm™"'.
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At neutral pD the reformation of the bleached ground state IR
bands does not conform to single exponential decay, Fig. 2. An
initial fast recovery of the bleach, ca. 100 ps, is accompanied by
a much slower component (ca. 5-10 ns). The fast component is
likely to be due to the geminate recombination of solvated electron
with the 2AP ionised product. However, the nature of the slower
component of the decay is less clear. This could be either due to the
decay of the excited singlet state of 2AP which is known to have a
lifetime of 10 ns,* or may correspond to the back reaction with the
solvated electron. Our experimental set-up was unable to monitor
delays >2.5 ns and as such we were unable to resolve this issue.

The series of ps-TRIR spectra obtained following 267 nm
excitation of 2AP in D,O solution at pD = 2 are also shown
in Fig. 2. As in the case of 2AP in neutral solution, both parent
bands at 1597 and 1670 cm™! are bleached immediately following
excitation. However, the TRIR spectrum observed at pD = 2 is
different to that of pD = 7. The transient band of low intensity
centred at ca. 1580 cm™' appears following 267 nm excitation.
In addition, the comparison of TRIR spectra with ground state
FTIR spectrum of 2AP recorded at pD = 2 reveals that the ratio of
the intensities of the two parent bands in the bleached state is not
maintained. The high energy band is bleached to approximately
half of its intensity of the band centred at 1597 cm~'. Both parent
bleaches partially recover on the timescale of the experiment and
while the band at 1597 cm~! remains bleached, a positive feature
becomes apparent near 1670 cm~'. These data were analysed using
multi-curve Lorentzian fit of the TRIR spectra and this analysis
clearly shows the formation of a transient band at 1670 cm™',
Fig. 5. This analysis also indicates the presence of a second band

AAbsorbance
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Absorbance
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1700 1650 1600 1550
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Fig. 5 (a) FTIR and TRIR spectra obtained (b) 50 ps and (c) 1000 ps
following 267 nm irradiation of 1 mM solution of 2-aminopurine in D,0O
at pD = 2 (@). Solid lines represent multi-curve fit of these data with
individual Lorentzian components shown as positive and negative bands.

at 1580 cm™' which appears to grow in at the same time as the
1670 cm™' band.

The present study clearly shows that following 267 nm excitation
of 2AP in acidic and neutral solution the TRIR spectra are
strikingly different, with two transient bands observed at pD =
2 and no transient bands observed at pD = 7. This indicates
the formation of different species in these different environments.
These results are consistent with the TA study where it was shown
that 2AP** rapidly deprotonates to give a neutral radical, 2AP*(-
H*) in neutral solution and that proton loss in 2AP** is suppressed
in acidic solution at pD = 2 (below pK, = 2.8)."® This allows us
to assign the transient bands observed in ps-TRIR at pD = 2 to
2AP*.

We have again used DFT calculations in an attempt to assign
our spectral observations. The predicted IR spectra of initially
formed 2AP** both in the gas phase and in the solution phase using
both Onsager and Langevin solvation models are in reasonable
agreement with the transient IR spectrum that was observed for
2AP following 267 nm excitation in solution at pD = 2 and we
tentatively assign these bands to be due to this species. We note
here that the intensity pattern in the IR spectra calculated for 7-
H tautomer of 2AP** appears to agree better with experimental
spectrum than that calculated for 9-H tautomer. However at
this stage further experiments are necessary to confirm this
observation.

Conclusions

This work shows that ps-TRIR spectroscopy can be used to mon-
itor the ionisation of DNA base mimic 2-aminopurine following
267 nm laser irradiation. Moreover, the neutral radical and radical
cation of 2AP were identified with TRIR in different environments
and the rate of deprotonation was altered by changing the
acidity of these solutions. The use of TRIR for identification of
different species is combined with DFT calculations of vibrational
spectra of ionised intermediates, which provides the support for
the assignment of the species observed with TRIR. This study
paves the way to exploit the full potential of 2AP as an internal
trigger of DNA damage and to monitor the electron transfer
between 2AP and guanine through molecularly specific vibrational
spectroscopy.
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