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Picosecond infrared probing of the vibrational spectra of transients
formed upon UV excitation of stacked G-tetrad structurest
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The photophysical properties of stacked G-tetrads in diverse
systems, including concentrated solutions of 5'-guanosine
monophosphate (5'-GMP), polyguanylic acid (poly(G)) and
the G-rich oligodeoxynucleotide sequence characteristic of
human telomeric DNA, are probed by ps-TRIR and compared
to those of the monomeric 5'-GMP.

Electronic excited states of individual nucleic acid bases and
nucleotides are typically characterised by ultrafast relaxation
processes (<1 ps).' However, in higher order structures, such
as polymeric strands and aggregated species, longer-lived transients
are observed,™ and these present a means to promote chemical
modifications leading to genetic mutation. The proposed mechan-
isms for these extended lifetimes include base-stacking interactions,
excimer/exciplex formation and hydrogen bonding.* To fully
understand the nature of the molecular specific interactions, it is
essential to employ techniques that can interrogate the structural
modifications underpinning these processes, and here we apply
ultrafast time-resolved infrared spectroscopy (TRIR) for this
purpose. ps-TRIR is now being demonstrated as a powerful
technique for probing the photophysical properties of DNA,>®
and its strength stems from its ability to yield kinetic and structural
information that goes beyond that obtainable from fluorescence or
transient UV/visible absorption techniques.

In this communication, we describe how ps-TRIR can be
employed to investigate conformationally dependent photo-
physical properties of base-base interactions. Guanine is known
to aggregate to form stacked species at high concentrations.” It is
also interesting as this base absorbs more strongly at longer
wavelengths and is the most sensitive of the nucleobases to singlet
oxygen and photodynamic oxidation. In this paper, we initially
consider 5'-GMP at concentrations where it is (a) monomeric and
(b) stacked. These results are then compared to the polymer
poly(G) (which is known to spontaneously form structures com-
posed of stacked guanine tetrads) and, finally, to the biologically
relevant G-rich telomeric sequence dAAGGG(TTAGGG); which is
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vital for protection against genome degradation and plays an
important role in aging and cancer.'”

Fig. 1a shows the ps-TRIR spectra of a neutral solution of
5’-GMP (10 mM, pH 7.0) at various delays after excitation with
267 nm radiation. The spectrum contains regions of transient
absorption and regions where depletion (‘bleaching’) of the ground
state bands is dominant. The 5'-GMP bleaches occur at 1581 and
1669 cm ™! and are attributed predominantly to ground state ring-
based and carbonyl vibrations respectively.!! The shifting of the
transient absorption bands to higher wavenumbers in the first
~5 ps is consistent with cooling of the vibrationally hot ground
state following electronic excitation.” This band-shifting coupled
with spectral overlap of the ground state and transient bands
means that kinetics obtained from intensity changes at a single
pixel position produces a distribution of decay/recovery times
across the band profiles (data given in ESIt). In order to resolve
this complexity and obtain reliable kinetics, we have modelled the
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Fig. 1 FTIR and ps-TRIR spectra recorded at delays of —50 (green), 2,
3,4, 6.5, 10, 15, 20, 35, 50, 100, 500, 1000 ps (both (a) and (b)), 1250,
1500 ps ((b) only) after excitation at 267 nm of (a) 10 mM Na,GMP in
50 mM sodium phosphate buffer in D,O, pH 7.0; (b) 540 mM K,GMP
and 540 mM potassium chloride in D,0O. Red traces are at delays less than
or equal to 10 ps. FTIR spectra are in blue and appear along the x-axis.
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experimental spectral profile using overlapping transient and
depletion Gaussian bands for both the carbonyl and ring-based
vibrations. The experimental data reveal recovery times of 4.7 +
0.5 ps and 3.1 + 0.3 ps for the ring and carbonyl bleaches
respectively. This modelling, combined with the stabilising of the
distribution towards the higher wavenumber side of both bleaches
where the influence of the recovering associated transient is
minimal, supports the experimental findings. The fact that the ring
mode recovers on a longer timescale than the carbonyl modes is
indicative of mode-specific relaxation within the guanine system
and is supported by recent work of Zanni et al., which shows that
the C=N ring stretching and C=0 carbonyl stretching modes are
not strongly coupled.'? This result may also be a consequence
of increased interaction of the carbonyl mode with the solvent
molecules.

In solution, 5'-GMP self-associates in the presence of alkali
metals to form stacked G-tetrad structures,'> which X-ray diffrac-
tion reveals to be fibrous in nature.'* Both the carbonyl and ring-
stretching vibrations are very sensitive to the formation of such
hydrogen-bonded and base-stacked guanine-containing species.
The FTIR reveals significant changes in these bands. The ring
vibrational stretch is found to undergo strong hypochromism and
to shift from 1581 to 1590 cm ™', while the carbonyl band narrows
and moves to higher wavenumbers from 1669 to 1673 cm "
This shift in wavenumber has been observed for similar guanine
systems and may be attributed to the formation and stacking of
guanine tetrads.!® The sharpening of the ground state bands
probably indicates a narrowing in the range of conformers of the
guanine moiety within the higher ordered structure. To observe
the effect of stacking on the transient spectra of these species,
the ps-TRIR was measured under conditions (540 mM K,GMP,
540 mM KCl) known to stabilize higher order structures
(Fig. 1b)."” It may be noted that the behaviour observed is very
different to that of monomeric 5'-GMP. The ring-based vibrations
at 1590 cm ™! are noticeably suppressed and the carbonyl vibration
at 1673 cm™' now dominates and is substantially sharper,
mirroring the ground state FTIR of the system. The relative
narrowness of the feature in the difference spectrum is also a
consequence of the transient absorption, which is sharper and has
a maximum less displaced from the ground state than in the dilute
solutions of 5'-GMP, and we interpret this as meaning that there is
little nuclear rearrangement occurring within the excited state and
that H-bonding interactions remain largely unperturbed.

The kinetic behaviour of 540 mM 5'-K,GMP reveals the
presence of a longer-lived state (Fig. 2). The recovery of the
carbonyl bleach at 1673 cm ™! shows a biexponential process with
a short component of 4 + 1 ps (60%) and a longer component of
49 + 9 ps (40%). Similar lifetimes were obtained for the ring
bleach and the corresponding transient species. We attribute the
short lifetime to vibrational relaxation of the ground state as was
observed in dilute solution. The longer lived (49 ps) species is
tentatively attributed to an electronic excited state species
(probably an excimer).

Extending this system further, we next examined the ps-TRIR
of polyguanylic acid (poly(G)) at a low total nucleotide
concentration (11.4 mM nucleotide, pH 7.0), similar to that used
for the non-aggregated 5'-GMP system. Strikingly, the transient
difference spectra (Fig. 3a) are very similar to those of the stacked
G-tetrads at the higher concentration of 5'-GMP (Fig. 1b). Again
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Fig. 2 Kinetics recorded at the carbonyl bleach and associated transient
positions for: 10 mM Na,GMP: 1676 cm ™! (A), 1640 cm ™' (V¥); 540 mM
K>GMP in 540 mM KCI: 1673 cm™' (#), 1660 cm ™' (M); and 11.4 mM
poly(G): 1687 cm™! (@), 1658 cm ™! (%).
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there is suppression of ring-based vibrations and a sharpening of
the carbonyl vibration which shifts from 1669 to 1690 cm ',
reflecting the ground state FTIR of the system and attributable to
the formation and stacking of guanine tetrads.'® The kinetic
behaviour of the poly(G) also differs markedly from that of
5'-GMP in dilute solution but is similar to that of the stacked
system formed in the presence of high cation concentration.
(Fig. 2) The recovery of the carbonyl bleach at 1687 cm ™! reveals
a biexponential process with a short component of 5 + 1 ps
(47%) and a longer component of 37 + 6 ps (53%). As with dilute
5'-GMP, the short lifetime may be attributed to vibrational
relaxation of the ground state, while the longer-lived species can be
assigned to an excited state (probably an excimer).® Similar
kinetics were obtained for the transient species as for the bleach
recovery.

Having considered the effect of stacking interactions on the
lifetimes of 5-GMP in monomeric and polymeric assembled
systems, we next wished to probe such interactions in a biologically
relevant G-rich system. For this study, an oligodeoxynucleotide
containing the tandem repeat human telomer sequence
dAGGG(TTAGGG); sequence was chosen. This is known to
form a quadruplex structure in the presence of cations.'® A sample
of 10 mM dAGGG(TTAGGG); in the presence of 100 mM KCl
was annealed and cooled gradually to room temperature to ensure
formation of the quadruplex structure, which was confirmed by
the presence in the FTIR of a band at 1537 cm ™~ ..'° Consideration
of the ps-TRIR spectra (Fig. 3b) shows regions associated with
the guanine bleaches, with the carbonyl band dominating at
1672 cm™ ! and the ring-centred guanine stretch present at
1591 em™!, in a similar fashion to that seen for neutral poly(G).
Detailed analysis of the kinetics is complicated by additional
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Fig. 3 FTIR and ps-TRIR spectra recorded at (a) delays of —50 (green),
2, 3,4, 6.5, 10, 15, 20, 35, 50, 100, 150, 300, 500, 1000, 1500 ps after
excitation at 267 nm of 11.4 mM poly(G) in 50 mM potassium phosphate
buffer in D,O at pH 7 and (b) delays of —50 (green), 2, 4, 7, 10, 20, 50,
100, 150, 200, 500, 1000, 1500 ps after excitation at 267 nm for 10 mM
dAGGG(TTAGGG); in 100 mM potassium chloride and 50 mM
potassium phosphate buffer in D,O. Red traces are at delays less than
or equal to 10 ps. FTIR spectra are in blue and appear along the x-axis.

contributions from the adenine and thymine bases present in the
telomeric sequence. The data has been fitted to a biexponential
process similar to that observed for the stacked guanine system,
although it is notable that the extent of the carbonyl bleach
recovery is significantly less reversible on the ps-timescale than in
the other systems studied. This long-lived species may be caused by
the reactions of thymine moieties in the telomere sequence.® The
sharper spectral features in comparison to the free base (Fig. 1a)
again suggest the higher-ordered structure of the ground state and
transients.

In conclusion, it has been shown that time-resolved infrared
spectroscopy can be used to track the evolution of long-lived states
from simple guanine systems to aggregated and higher-order ones.

It may be noted that the guanine tetrad structures lead to
difference spectra with characteristically sharper features, presum-
ably due to the greater order in these aggregated systems. This
order is present in the transient as well as in the ground state
species and demonstrates that electronic excitation does not lead
to a large scale reordering of the structure. It is hoped that use of
this technique to probe other regions of the infrared spectrum will
provide more detailed information on structural changes in the
nucleotides upon electronic excitation.
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