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Fluorescent nucleic acid analogues are valuable tools for studying DNA dynamics, protein-DNA interactions
and nucleotide-dependent enzyme activities. The recent development of guanine analogues based on the
isoxanthopterin structure offers new opportunities to investigate these dynamics, interactions, and activities.
Our combined experimental/theoretical investigation of one such analogue, 6,8-dimethylisoxanthopterin
(6,8DMI), has shown that absorbance and fluorescence emission spectra of 6,8DMI shift to lower energies as
the pH is increased, yielding pKa values of 8.3 and 8.5, respectively. We show that these pH-dependent
spectral changes result from protonation/deprotonation of the nitrogen at position 3 of 6,8DMI on the basis
of pH-dependent iodide ion quenching of 6,8DMI fluorescence and pH-independent absorption and fluorescence
properties of 3,6,8-trimethylisoxanthopterin. Quantum mechanical calculations on the neutral and deprotonated
forms of 6,8DMI confirm the observed spectral changes.

Introduction

The study of DNA structure, dynamics, and interactions with
proteins is critical to understand biological processes such as
replication, transcription, recombination, and repair. Fluores-
cence spectroscopy is an effective method for examining
conformation and dynamics as well as binding interactions.
However, due to efficient quenching by internal conversion,1

the naturally occurring DNA bases have very low fluorescence
quantum yields, and thus are not suitable reporters for most
fluorescence experiments. Therefore, extrinsic and pseudo
intrinsic fluorescent probes have been widely used to study DNA
structure and dynamics. Pseudo intrinsic probes, in which the
fluorophore is covalently bound to the sugar moiety, replacing
the normal base group, have several advantages over extrinsic
probes. Pseudo intrinsic probes can be placed at different, known
positions within the DNA sequence, which allows investigation
of local DNA properties such as flexibility and stacking
interactions. Furthermore, these probes can be designed to mimic
the natural DNA bases and thus minimally perturb the DNA
structure.

The fluorescent adenine analogue, 2-aminopurine (2AP), is
an example of a well-studied pseudo intrinsic fluorescent probe
that may be incorporated in DNA or RNA. 2AP has been widely
used to study DNA and RNA conformation,2,3 DNA dynamics,4

DNA-protein interactions,5 and DNA glycosylase activity.6,7

The availability of fluorescent analogues of other DNA bases
would be beneficial to the investigation of local DNA properties,
as it would then be possible to probe additional sites. Such
probes would be particularly advantageous when investigating
sequence-specific processes, such as DNA repair.

Hawkins and co-workers have described substituted pteridines
as fluorescent analogues of DNA bases (see ref 8 for review),
and they have identified 3-methylisoxanthopterin (3MI) and
6-methylisoxanthopterin (6MI) as two particularly promising
guanine analogues. Both analogues have absorbance bands that
are at lower energies (red-shifted) than those of the naturally
occurring nucleic acids and amino acids, allowing selective
excitation of the analogues. The free analogues have high
fluorescence quantum yields with lifetimes of approximately 6
ns, thus making them useful for fluorescence studies of
biological molecules. Incorporation into DNA reduces the
quantum yield and average fluorescence lifetime in a sequence-
dependent manner.9,10 To assess whether introduction of the
analogues perturbs DNA structure, melting temperatures,Tm,
of oligonucleotides containing these probes were compared to
those containing guanine.9 In the case of 3MI, theTm was
reduced a few degrees, because the methyl group on N3
abolishes one hydrogen bonding contact with the complementary
cytosine. In contrast, when 6MI was opposite cytosine, theTm

was not significantly affected, indicating that all three expected
hydrogen bonds are maintained. Thus, 6MI is not expected to
greatly perturb DNA structure.

Hawkins et al. previously reported a pH-dependent change
in the emission spectra of 6MI and suggested that deprotonation
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at N3 occurs near physiological pH.9 Deprotonation of the
analogue in DNA could result in perturbation of local structure.
However, in double-stranded DNA, there may be a preference
for the neutral 6MI because the H3 is involved in hydrogen
bonding. Base flipping or other local perturbations of DNA
structure may alter the pKa of this group. Such effects could
have significant implications in the interpretation of spectro-
scopic data involving 6MI in DNA.

To characterize the protonation states of 6MI, we have
examined 6,8-dimethylisoxanthopterin (6,8DMI), in which the
deoxyribose is replaced by a methyl group to avoid possible
interactions with the sugar moiety. Specifically, we evaluated
the ground-state and lowest energy excited-state equilibria by
using absorbance and fluorescence spectroscopies, respectively.
Essentially, the same pKa is observed in both the ground and
excited states, suggesting no change in proton equilibrium during
the lifetime of the excited state. The absorbance and fluorescence
properties of the control compound 3,6,8-trimethylisoxanthop-
terin (3,6,8TMI) were found to be nearly identical to those of
the neutral 6,8DMI species, confirming that the deprotonation
occurs at its N3. Time-dependent density functional theory (TD-
DFT) has been used to characterize the electronic structure and
spectroscopic properties of the neutral and negatively charged
forms of 6,8DMI, and then these properties were compared with
those calculated for 3,6,8TMI.

Materials and Methods

Spectroscopy.The base analogues 6,8DMI and 3,6,8TMI
were prepared as described previously.11

Absorption spectra were measured using a dual-beam U-3210
Hitachi spectrophotometer and quartz cuvettes with a 1 cmpath
length. Baselines were measured with the appropriate buffer,
described below. Steady-state emission spectra were obtained
using an SLM4800 spectrofluorometer modified for single-
photon counting. Excitation wavelengths used for 6,8DMI and
3,6,8TMI were 342 and 349 nm, respectively. Emission spectra
were collected over the range of 360-550 nm, with a gate time
of 3 s for 1 nm increments. Band-passes were 4 nm for both
excitation and emission monochromators. Absorbance of samples
at the excitation wavelength was less than 0.02, and hence
primary inner filter effects were negligible. Fluorescence
intensities were determined by integrating the spectra over the
entire wavelength range.

Time-resolved fluorescence decay curves were collected using
a time-correlated, single-photon counting instrument described
previously.12 Fluorescence lifetimes of samples were measured
in an automated sample chamber (Quantum Northwest: FLASC)
using vertically polarized light at 360 nm. The emission at 420
nm was selected by a monochromator (Acton SpectroPro-150;
10 nm band-pass) after passing through a polarizer oriented at
the magic angle.13 The instrument response function was
measured using a dilute suspension of colloidal silica. Decay
curves were collected into 2000 channels with a timing
calibration of 24.2 ps per channel. Instrument response functions
and decay curves were collected to 100 000 and 40 000 peak
counts, respectively.

Time-resolved fluorescence data were analyzed by a standard
reconvolution14 procedure using nonlinear regression.15 Each
fluorescence decay curve could be fit by a single exponential
as judged by theø2 statistical parameter and random distributions
of the weighted residuals and their autocorrelation. Joint support
plane confidence intervals were calculated for all iterated
parameters by the approximation method described by Johnson
and co-workers.16

KI Quenching. A fresh stock solution of 1 M KI was
prepared daily at the appropriate pH, and Na2S2O3 (∼1 × 10-4

M) was added to prevent the formation of I3
-. KI quenching

data were analyzed according to the Stern-Volmer equation:13

whereτ is the lifetime for a given concentration of quencher,
Q, τ0 is the lifetime in the absence of quencher andKSV is the
Stern-Volmer constant. The bimolecular quenching constant,
kq, is calculated from the relationship

pH Titrations. The buffers used were HCl (pH 1.0-3.0),
50 mM citric acid (pH 4.0), 10 mM sodium pyrophosphate (pH
5.0-6.0, 8.0-10.0), and NaOH (pH 11.0-13.0). The stock
solutions of the probes, which were used for absorption
measurements, were prepared at each pH value by dissolution
in deionized H2O followed by 1:2 dilution into the appropriate
buffer. Samples for fluorescence titrations were generated by
measuring the absorbance of the buffered solution and then
diluting with buffer to achieve the desired concentration of
probe.

The pKa was determined by fitting the fraction ionized,Y, to
the Henderson-Hasselbalch equation:

using the nonlinear regression routine in SPSS.17 The goodness
of the fit was judged by theR2 parameter, which was greater
than 0.99 in each case.

Computational Methods. All calculations were performed
using Gaussian98.18 Ground-state geometries of the 3,6,8TMI
and the negative ion of 6,8DMI were optimized using Møller-
Plesset (MP2) perturbation theory with the 6-31G+(d) basis set
and assumingCs symmetry. We have recently reported the
ground- and excited-state geometries of the neutral form of
6,8DMI,19 and these were used as starting structures for the
geometry optimizations of the 6,8DMI anion, and 3,6,8TMI.
The geometry of theππ* emitting state was optimized using
configuration interaction (CI) singles and allowing the molecule
to assume a nonplanar geometry.

TD-DFT, as represented in Gaussian98,18 was used to
calculate transition energies and oscillator strengths at the
optimized absorbing and emitting geometries. The B3LYP
functional was used with a 6-31G+(d) basis set. Electronic
properties were calculated in vacuum as well as with the
polarized continuum model (PCM)20,21 representing water as
the solvent, using Pauling’s atomic radii, and 1.2 as the scaling
factor for the definition of solvent accessible surfaces.18 Mo-
lecular orbitals were visualized with MOLEKEL.22,23

Results and Discussion

Experimental Results. Previously reported fluorescence
emission spectra and decay-associated spectra of 6MI-deoxy-
ribose revealed pH-dependent spectroscopic changes.9 To
characterize the spectroscopic properties of this guanosine
analogue and to probe the hypothesis that the pH dependence
is due to an excited-state deprotonation reaction,9 we have
recorded absorbance spectra as a function of pH. To eliminate
complicating effects that the deoxyribose moiety may have on
the spectroscopic properties of the probe, the present studies
focus on 6,8DMI, in which a methyl group replaces the

τ0/τ ) 1 + KSV[Q] (1)

kq ) KSV/τ0 (2)

Y ) 10(pH-pKa)

1 + 10(pH-pKa)
(3)
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deoxyribose. Absorbance spectra of 6,8DMI were collected as
a function of pH in the range between 1 and 13; selected spectra
are shown in Figure 1A. At each pH, two absorbance bands
are observed in the wavelength region above 275 nm. There is
no change in absorbance observed between pH 1 and 6. Below
pH 6, peak maxima occur at 338 and 294 nm. At higher pH,
the lower energy band shifts to longer wavelengths, and the
extinction of the higher energy band decreases. In addition, an
isosbestic point occurs at 271 nm, which suggests a two-state
protonation equilibrium in the ground state. By contrast, no
changes in absorbance spectra were observed for 3,6,8TMI over
the same pH range (Figure 1B). The absorbance spectrum of
3,6,8TMI has similar maxima, 339 and 293 nm, as 6,8DMI at
low pH, suggesting that the pH-dependent absorbance change
is due to deprotonation of 6,8DMI at N3 (Scheme 1).

The absorbance spectrum of 6,8DMI measured at each pH
was then fit as a linear combination of two basis spectra24 using
those obtained at pH 5 and pH 11 as the basis set. The

coefficients of the basis spectra were then used to determine
the fraction of 6,8DMI ionized at each pH (Figure 2). Fitting
the fraction ionized to the Henderson-Hasselbalch equation (eq
1) yielded a pKa of 8.30 ( 0.07 for 6,8DMI in the electronic
ground state. The deprotonation of guanine at the analogous
N1 has a pKa of 9.2.25 The difference between these two pKa

values is consistent with the electron-withdrawing pyrazine ring
providing greater stabilization of the 6,8DMI anion than is
provided by the imidazole ring of guanine.

To determine whether the excited-state pKa of 6,8DMI differs
from its ground-state pKa, fluorescence emission spectra of
6,8DMI and 3,6,8TMI collected over the pH range from 1 to
13 were compared; several representative spectra are shown in
Figure 3. From pH 1 to 6, there is essentially no change in the
emission spectrum of 6,8DMI, which has a maximum at 410
nm (Figure 3A). As pH is increased further, however, the
position of the maximum shifts to longer wavelengths. At pH
11 or greater, the maximum of the spectrum is observed at 427
nm. No change in the emission spectrum of 3,6,8TMI, which
has a maximum at 413 nm, was observed over the same pH
range (Figure 3B). The fraction of 6,8DMI ionized was
calculated by fitting each emission spectrum as a linear
combination of two basis spectra; as before, spectra obtained
at pH 5 and 11 were selected as the basis set. Fitting the fraction
ionized to the Henderson-Hasselbalch equation (eq 1) yielded
a pKa of 8.52 ( 0.11 (Figure 2), in agreement with the pKa

obtained from the absorbance data. Thus, there does not appear
to be a significant change in the equilibrium of species during
the excited-state lifetime. We therefore conclude that the
observed changes in emission spectra may be explained by the
presence of neutral and anionic 6,8DMI in the ground state,
both of which can be excited and subsequently emit. Conse-

Figure 1. Absorbance spectra of 6,8DMI (A) and 3,6,8TMI (B) at pH
1 (s), pH 7.5 (- -), pH 8 (‚‚‚), pH 9 (- ‚‚ -), and pH 12 (s).

SCHEME 1: Protonation States of 6,8DMI

Figure 2. Fraction of 6,8DMI ionized at various pH values obtained
from the coefficients of the analysis of absorbance (O) and emission
(4) spectra at each pH as linear combinations of basis spectra at pH 5
and pH 11. Lines represent the best fit of the absorbance (s) and
emission (‚‚‚) data to the Henderson-Hasselbalch equation.

180 J. Phys. Chem. A, Vol. 107, No. 1, 2003 Seibert et al.



quently, an excited-state reaction model is not necessary to
describe the changes in the spectra that occur due to depro-
tonation of 6,8DMI.

To confirm that 6,8DMI is shifting from a neutral species to
an anion at increased pH, iodide quenching of fluorescence was
performed at pH 5 and pH 11. Given a pKa of 8.3-8.5,>99%
of the neutral and the anionic form of 6,8DMI are present at
pH 5 and 11, respectively. Because of electrostatic repulsion,
the negatively charged iodide ion should quench the anionic
species less efficiently than the neutral species. As a control,
3,6,8TMI was used because its fluorescence and protonation
state are constant over the range of pH values used. Stern-
Volmer plots13 of the iodide quenching of 6,8DMI and 3,6,8TMI
(Figure 4) were generated from the fluorescence lifetime of the
probes measured as a function of KI concentration. The slope
of the Stern-Volmer plots for 3,6,8TMI does not vary
significantly from pH 5 to pH 11. However, there is significant
variation in slope of the plots for 6,8DMI as a function of pH.
The slope alone does not report the efficiency of quenching,
because the slope is equal to the product of the bimolecular
quenching rate constant and the lifetime in the absence of
quencher (eq 2), and the fluorescence lifetime may be pH
dependent. The observed fluorescence lifetime of 6,8DMI in
the absence of quencher is 5.60( 0.01 ns at pH 5 and 6.55(
0.01 ns at pH 11, whereas the lifetime of 3,6,8TMI is pH
independent (5.64( 0.01 ns at pH 5 and 5.66( 0.01 ns at pH
11). Fluorescence lifetimes and bimolecular quenching constants
are presented in Table 1. A 2.5-fold decrease inkq for iodide
quenching of 6,8DMI is observed when the pH increases from

5 to 11. The change inkq for 3,6,8TMI at these pH values is
insignificant (1.1-fold) and is most likely due to random error.
Thus, these data confirm that deprotonation occurs at N3 and
that 6,8DMI acquires a negative charge at high pH. Furthermore,
the observation of single exponential decays for both the neutral
(pH 5) and anionic (pH 11) forms of 6,8DMI, with no evidence
of any other kinetic trends (i.e., negative preexponentials or
additional exponentials13), supports the conclusion from the
spectral results that an excited-state reaction model is not
required.

Computational Results

Absorption Properties.The ground-state geometry of neutral
6,8DMI, ionized 6,8DMI deprotonated at N3, and 3,6,8TMI
were optimized at the MP2 level assumingCs symmetry (see
Supporting Information for the optimized geometries). The bond
lengths and bond angles of the ring atoms are very similar for
6,8DMI and 3,6,8TMI. The geometry of the pyrazine ring is
essentially unchanged in both the neutral and anionic forms of
6,8DMI. The pyrimidine ring is significantly more affected by
the deprotonation of N3, particularly the atoms connected to
N3. The bond lengths N3-C2 and N3-C4 decreased by 0.057
and 0.052 Å, respectively, due to the conjugation of the negative
charge to C4-O4 and C2-NH2. A change in bond angle O4-
C4-C4a from 123.0° in the neutral 6,8DMI to 130.1° in the
deprotonated 6,8DMI resulted probably from the repulsion
between O4 and the negative charge on N3.

In our previous quantum chemical study we computed the
spectroscopic transitions of 6,8DMI in vacuum using TD-DFT.19

The present calculations were performed on the absorbing
geometries of the neutral and anionic forms 6,8DMI, and also
on 3,6,8TMI, in both the absence and presence of an aqueous
environment represented by a PCM model. The PCM calcula-
tions provide the total solvation energy for each molecule, as
well as the electrostatic and nonelectrostatic components of

Figure 3. Fluorescence emission spectra of 6,8DMI (A) and 3,6,8TMI
(B) at pH 1 (s), pH 7.5 (- -), pH 8 (‚‚‚) pH 9 (- ‚‚ -), and pH 12
(s).

Figure 4. Stern-Volmer plots for the quenching of 6,8DMI at pH 5
(b) and pH 11 (2) and 3,6,8TMI at pH 5 (O) and pH 11 (4) with
iodide ion. Solid lines represent fits to the Stern-Volmer equation (eq
2).

TABLE 1: KI Quenching of 6,8DMI and 3,6,8TMI a

species Ksv (M-1) τ0 (ns) 10-9kq (M-1 s-1)

6,8DMI, pH 5 37.74( 1.96 5.60( 0.01 6.74( 0.35
6,8DMI, pH 11 17.97( 0.72 6.55( 0.01 2.73( 0.11
3,6,8TMI, pH 5 40.32( 0.53 5.64( 0.01 7.14(0.09
3,6,8TMI, pH 11 36.07( 0.18 5.66( 0.01 6.37( 0.03

a Values are(95% confidence limits.
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this energy (Table 2). The free energy of solvation is largest
for the 6,8DMI anion, and smallest for 3,6,8TMI. As expected,
the difference in free energy of solvation arises mainly from
the electrostatic contribution, which is substantially larger for
the anionic form of 6,8DMI. The nonelectrostatic energy is
largest for 3,6,8TMI, because the energy required to form an
aqueous cavity around this molecule is larger due to the bulky
methyl substituent at N3.

The absorption transition energies for each of the three
molecules in vacuum are presented in Table 3. The lowest
energy transition for 3,6,8TMI and the neutral form of 6,8DMI
occurs at 3.75 eV (331 nm) and hasnπ* symmetry. 3,6,8TMI
and the neutral form of 6,8DMI undergo aππ* transition at
3.79 eV (327 nm) and 3.81 eV (326 nm), respectively. A higher
energyππ* transition is observed at 4.57 eV (271 nm) for
3,6,8TMI and at 4.42 eV (281 nm) for the neutral 6,8DMI. In
the case of the anionic 6,8DMI, the lowest energy transition is
of ππ* character, occurring at 3.49 eV (356 nm). However,
there is a close-lyingnπ* transition at 3.53 eV (351 nm). A

secondnπ* transition occurs at 3.87 eV (320 nm), whereas the
secondππ* transition is at 4.18 eV (297 nm).

For comparison with the experimentally determined absor-
bance spectra, TD-DFT was performed on each molecule using
the PCM representation of aqueous solution. Transition energies
in good agreement with those measured in buffer were obtained
by this approach (Table 4). In each of the three molecules, the
lowest energy transition exhibitsππ* symmetry. For 3,6,8TMI
and 6,8DMI this transition occurs at 3.68 eV (337 nm) and 3.74
eV (332 nm), respectively. However, the lowest energy transition
of the anionic form of 6,8DMI is red-shifted by 0.11 eV (10
nm) to 3.63 eV (350 nm). The computed shift in wavelength
due to the deprotonation of N3 is consistent with the measured
absorbance red shift of 0.13 eV (12 nm). The computed lowest
energynπ* transition is higher in energy than the lowest energy
ππ* transition in each molecule. Furthermore, the separation
between thenπ* and ππ* states is significantly larger for each
molecule when the solvent is taken into account, as compared
to the vacuum calculations where the gaps are close to iso-
energetic (see Table 3). A secondππ* transition was computed
at 4.43 eV (280 nm) for 3,6,8TMI, 4.45 eV (279 nm) for 6,8DMI
in the neutral form, and 4.35 eV (285 eV) for the anionic
6,8DMI. This transition corresponds to the second peak in the
respective absorbance spectra. The anionic form of 6,8DMI has
two transitions of nearly degenerate energy at 4.35 eV (285
nm), but one has predominantlynπ* character whereas the other

TABLE 2: Computed Solvation Energy for the Planar
Geometry of Each Molecule

molecule
electrostatic energy

(kcal/mol)
nonelectrostatic

energy (kcal/mol)
∆Gsolv

(kcal/mol)

3,6,8TMI -25.05 7.97 -17.08
6,8DMI (neutral) -28.55 6.84 -21.71
6,8DMI (negative) -69.82 6.08 -63.74

TABLE 3: TD-DFT Transition Energies Computed from the Ground-State Geometries in Vacuum

molecule orbitalsa (symmetry)
fractional contribution

to transitionb Ecalc, eV [nm]

H1 (σ) f L (π*) 0.919 3.75 [331]
3,6,8TMI H (π) f L (π*) 0.787 3.79 [327]

H (π) f L1 (π*) 0.770 4.57 [271]
H1 (σ) f L (π*) 0.913 3.75 [331]

6.8DMI (neutral) H (π) f L (π*) 0.788 3.81 [326]
H (π) f L1 (π*) 0.778 4.42 [281]
H (π) f L (π*) 0.683 3.49 [356]
H1 (σ) f L (π*) 0.954 3.53 [351]

6,8DMI (negative) H3 (σ) f L (π*) 0.783 3.87 [320]H4 (σ) f L (π*) 0.106
H (π) f L1 (π*) 0.982 4.18 [297]

a H represents HOMO, L represents LUMO, Hn represents HOMO-n, Ln represents LUMO+n. b Computed as twice the squared coefficient of
the transition in the CI vector; only those transitions with a 5% or greater contribution are shown.

TABLE 4: TD-DFT Transition Energies Computed from the Ground-State Geometries Using PCM Representation of Water as
a Solvent

molecule orbitalsa (symmetry)
fractional contribution

to transitionb Ecalc, eV [nm] Eexpt, eV [nm]

H (π) f L (π*) 0.799 3.68 [337] 3.66 [339]
H1 (σ) f L (π*) 0.934 4.00 [310] NDc

3,6,8TMI H (π) f L1 (π*) 0.671 4.43 [280] 4.23 [293]H3 (π) f L (π*) 0.087
H2 (π) f L (π*) 0.085
H (π) f L (π*) 0.796 3.74 [332] 3.67 [338]d

6,8DMI (neutral) H1 (σ) f L (π*) 0.936 3.99 [310] ND
H (π) f L1 (π*) 0.794 4.45 [279] 4.22 [294]d

H (π) f L (π*) 0.791 3.63 [342] 3.54 [350]e

H2 (σ) f L (π*) 0.761 4.04 [307] NDH3 (σ) f L (π*) 0.154
H3 (σ) f L (π*) 0.640

6,8DMI (negative) H2 (σ) f L (π*) 0.149 4.35 [285] ND
H1 (π) f L (π*) 0.136
H1 (π) f L (π*) 0.681
H3 (σ) f L (π*) 0.117 4.35 [285] 4.40 [282]e

H (π) f L1 (π*) 0.111

a H represents HOMO, L represents LUMO, Hn represents HOMO-n, Ln represents LUMO+n. b Computed as twice the squared coefficient of
the transition in the CI vector; only those transitions with a 5% or greater contribution are shown.c ND: nπ* transitions were not determined
experimentally.d Absorbance data obtained at pH 5.0.e Absorbance data obtained at pH 11.0.
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has mainlyππ* character. Thus, the computed absorbance
transitions agree energetically with the measured absorbance
spectra.

The changes in the absorbance spectra due to the depro-
tonation at N3 are now analyzed utilizing the properties of the
orbitals involved in the transitions. The relative absorption of
the two low-energy transitions of 6,8DMI as a function of pH,
determined experimentally by absorption spectroscopy, are
shown in Figure 5. Although a small increase in absorption is
observed for the lowest energy transition near the pKa of
6,8DMI, a dramatic decrease is observed for the higher energy
transition. This result suggests that the extinction of the lower
energy absorbance transition is not dependent on the protonation
state of 6,8DMI and that the extinction of the higher energy
absorbance transition is different for the neutral and anionic
forms of 6,8DMI.

We investigated the orbitals involved in these transitions of
the neutral and anionic of 6,8DMI to assess the nature of the
observed pH-dependent differences in extinction. In each of the
three molecules studied, the promotion of an electron from the
ground state to the lowest energyππ* state mainly involves
the highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) (see Table 4 and Figure
6A). The localization of the orbitals is similar in each of the
three molecules. The HOMO is predominantly localized on the
C8a-C4a and N1-C2 bonds. A subtle difference is observed
between 3,6,8TMI and the negative form of 6,8DMI in that
3,6,8TMI exhibits greater localization of the HOMO at the N5-
C6 bond, whereas the HOMO of the negative 6,8DMI is
localized at the C6-C7 bond. The HOMO of the neutral form
of 6,8DMI is intermediate between these two cases. The
differences in orbital localization are most likely due to an
electrostatic effect of the deprotonation of N3. As a result, a
red shift in absorbance of the lowest energy band is observed,
without significant changes in extinction. Thus, the extinction
coefficient for the lowest energyππ* transition remains constant
because the electronic structure of the orbitals that participate
in this transition are nearly identical for the neutral and negative
forms of 6,8DMI. Significant differences are observed, however,
for the transition to the secondππ* state (Figure 6B). In the
neutral molecule, 79% of this transition is accounted for by the
transition from the HOMO to the LUMO+1. The LUMO+1 is
localized similarly in both the neutral and the anionic forms of
6,8DMI, with bonding character on the C4-C4a, N1-C2, and
C7-N8 bonds, and antibonding character on N3, O4, C6, O7,
C8a, and the amino nitrogen. However, in the anionic form of
6,8DMI, the transition from HOMO to LUMO+1 accounts for
only 11% of this transition. The transition predominantly (68%)
involves movement of an electron from HOMO-1 to LUMO.
In this case, HOMO-1 is an antibonding orbital with localiza-
tion mostly on the pyrimidine ring atoms, particularly N1, N3,

Figure 5. Relative absorption determined at the peak of the first (b)
and second (O) lowest energy transitions. Values are relative to the
lowest energy peak of 6,8DMI measured at pH 5.

Figure 6. Wave function representation of molecular orbitals involved in the first (A) and second (B) lowest energy absorbance transitions of
neutral and deprotonated 6,8DMI computed with TD-DFT. Wave functions were calculated using a PCM representation of water as the solvent.
Figures were generated with MOLEKEL 4.1,22,23 using a surface cutoff of 0.05 (e/Å3)1/2. Light and dark shading represent lobes of opposite sign.
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O4, and the amino nitrogen. Because PCM breaks the symmetry
of the wave function,26 a small contribution (12%) of annπ*
transition, from HOMO-3 to LUMO, is present. Thus we
conclude that the large observed change in the extinction
coefficient of the second absorbance band is due to differences
in the composition of the configuration interaction (CI) vector
for this state in the neutral and anionic 6,8DMI. This is evident
from the large decrease in oscillator strength for the secondππ*
transition of deprotonated 6,8DMI (0.0212) as compared to
neutral 6,8DMI (0.1116).

Emission Properties.To investigate the emission properties,
the geometry of the lowest energyππ* state was optimized
using CI singles for each of the molecules studied (see
Supporting Information). The emitting states were allowed to
assume nonplanar geometry. Several changes are observed in
the emitting geometries with respect to the ground-state
geometries. In the neutral molecule, several bond lengths were
shortened in the transition from the ground- to excited-state
geometry. The most significant changes in bond length for the
neutral 6,8DMI were found in the C4a-N5, C7-O7, C4-O4,
and N1-C8a bonds. These bonds were also shortened in the
anionic form of 6,8DMI, but the magnitude of the decrease was
smaller, suggesting less electronic redistribution in this molecule
as compared to the neutral 6,8DMI. In each molecule, the
pyrimidine ring remained essentially planar, and the pyrazine
ring became puckered. Specifically, C6 moved below the plane
of the pyrimidine ring by 0.37 Å, and N8 moved above this
plane by 0.33 Å. The bond lengths and angles within the rings
of the neutral 6,8DMI and 3,6,8TMI are virtually identical,
consistent with the similarities of the emission spectra.

Due to limitations in the current versions of the commercially
available quantum chemistry software packages, geometry
optimization of solutes using PCM is not feasible. As a result,
changes in the wave function due to the reorganization of solvent
upon solute electronic excitation are neglected. Therefore, it is
not realistic to compute solvated emission energies at the present
time, and so all emission energies were computed using TD-
DFT in vacuum (Table 5). Nevertheless, the transition energy
for theππ* emission of the negative form of 6,8DMI was found
to be lower than that of the neutral form of 6,8DMI. This result
is consistent with the experimental observation that the fluo-
rescence emission of 6,8DMI is red-shifted at higher pH.
Furthermore, the calculated shift in emission wavelength, 15
nm, is in very close agreement with the experimentally observed
shift of 17 nm.

In all cases, the lowest lying transition hasππ* symmetry,
and emission from this state to the ground state predominantly
involves a transition from the LUMO to the HOMO. Localiza-
tions of these orbitals are similar for all three molecules studied
(data not shown).

Summary

Pseudo intrinsic base analogues with high fluorescence
quantum yields are important for the study of local DNA
structure and dynamics. The base analogue 3MI has been
successfully applied to the study of important biological
problems, including DNA repair,27 binding of histones to
DNA,28 and binding of HIV-1 integrase to DNA.29 DNA base
flipping, however, is strongly dependent on hydrogen bonding,
and therefore, 6MI would be better suited to the study of such
processes. Thus we have performed a detailed characterization
of the chemical and photophysical properties of 6,8DMI as a
model for 6MI. The combination of spectroscopy experiments
and quantum chemical calculations has provided the pKa of
6,8DMI, and a detailed understanding of the dependence of the
extinction coefficient of the higher energyππ* transition on
the protonation state. The pKa’s for the deprotonation of 6,8DMI
at N3 in the ground state (8.3) and lowest energyππ* excited
state (8.5) are similar. Because the pKa is in the physiological
range, the change in absorbance and emission spectra due to
deprotonation of N3 must be accounted for when interpreting
absorbance and emission data in this pH range. The absorbance
transitions computed in the presence of a PCM representation
of water are in agreement with the experimental values.
Investigation of ground- and excited-state molecular orbitals
provided an explanation of the observed changes in the
extinction coefficients of the protonation states of 6,8DMI.
Inclusion of PCM in the geometry optimization of the excited
state is important to accurately reproduce the experimental
emission properties. Implementation of the adapted PCM
methods30 into the commercially available quantum chemistry
packages will allow such calculations to be performed. Whereas
this study focused on the base analogue in solution, future
experiments with the probe incorporated in DNA are necessary
to determine the effect of hydrogen bonding on the pKa of N3.
Furthermore, the characterization of local DNA structure and
dynamics using 6MI will rely on the understanding of its
properties presented here.
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TABLE 5: Calculated Transition Energies and Oscillator Strengths for the Emitting Geometries in Vacuum and
Experimentally Determined Energies of Emission

molecule orbitalsa (symmetry)
fractional contribution

to excited stateb Ecalc, eV [nm] Eexpt, eV [nm]

L (π*) f H (π) 0.757 3.25 [381] 3.00 [413]
3,6,8TMI L (π*) f H1 (σ) 0.921 3.61 [344] NDc

L (π*) f H (π) 0.618 3.24 [383] 3.02 [410]d

6,8DMI (neutral) L (π*) f H1 (σ) 0.879 3.59 [345] ND
L (π*) f H (π) 0.729 3.07 [404] 2.90 [427]e6,8DMI (negative) L (π*) f H1 (σ) 0.056
L (π*) f H1 (σ) 0.896 3.33 [372] ND

a H represents HOMO, L represents LUMO, Hn represents HOMO-n, Ln represents LUMO+n. b Computed as twice the squared coefficient of
the transition in the CI vector; only those transitions with a 5% or greater contribution are shown.c ND: not determined.d pH 5.0. e pH 11.0.
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