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Molecular geometries of adenin@racil (AU) base pair were optimized in the ground and selected low-lying
singletzzz* and nr* excited states. The ground-state geometry optimized at the Haiffiaek level of theory
without symmetry restrictions was found to be planar; the predicted planarity was validated by harmonic
vibrational frequency calculations. Excited states were generated employing the configuration interaction
technique involving singly excited configurations (CIS method) using a ground-state-optimized geometry,
and this was followed by excited-state geometry optimizations under planar symmetry. THet&8d,p)

basis set was used in all calculations. The computed electronic transitions of adenine and uracil after linear
scaling were found to be in good agreement with the corresponding experimental data. Electronic excitations
were found to be localized at either of the monomeric units. It is predicted that among the states studied here
the AU base pair has one charge transfer type singlet excited state lying slightly higher in energy. This state
is characterized by the excitation of an electron from the occupied orbitals of the adenine moiety to the
virtual orbitals of the uracil moiety. In th&(zr*) singlet excited state where the excitation is localized at

the uracil moiety of the AU base pair, a large increase in tfe-C'6 bond length of uracil is revealed. Such

a large increase can account for the photophysical reactivity of pyrimidines in view of photodimerization.
The base pair geometry is predicted to be largely destabilized undezxtitations.

1. Introduction and their hydrogen-bonded dimers. In polynucleotides, the
d excited states might be influenced by the energy transfer between
dconstituents, by hydrogen bonding with possible proton transfer
in the excited state, or by changes of such intramolecular
properties as nonradiative transition rates of intersystem
grossingﬁa‘e Several rigorous and reliable vertical excitation
energy calculations have been carried out on nucleic acid bases

DNA by photostimulation and the subsequent formation of and their substituted analoguestudies of the excited-state

pyrimidine dimers: Optical spectroscopic methods including geometries are now aiso gaining momenﬁJm. .
UV absorption and emission, linear dichroism (LD), circular ~ The free DNA bases can occur in more than one tautomeric
dichroism (CD), and magnetic circular dichroism (MCD) have form3&52478 The equilibrium between different tautomeric
been proven to be important tools for monitoring nucleic acid forms depends on the nature of the environment. The existence
structural changes as well as for probing interactions of DNA Of more than one tautomeric form of many DNA bases
and RNA with proteins and small molecufesAbsorption complicates the analysis of the absorption and emission spectra,
spectroscopy is one of the oldest and most commonly usedas the minor tautomers are also likely to contributeor
techniques in chemical science to elucidate the structure. As€xample, in the case of adenine and guanine, the major part of
the absorption is vertical, to analyze which wavelength would fluorescence is attributed as being a result of emission from
be absorbed the knowledge of the energy difference betweenthe N7H tautomer, while, in the case of 2-aminopurine, the
the ground state and excited states lying vertically above the participation of both N7H and N9H tautomers in the fluores-
ground state is necessary. In the case of a fluorescence proces§ence emission is obtainé#®®%210t is well-known that the
the knowledge of the relaxed singlet excited state is neededquantum yield for fluorescence is very low for all DNA badgs.
while for the explanation of phosphorescence the relaxed triplet It can be speculated that evolution has selected genetic material
state is necessary. with poor luminescence and short-lived excited states to provide
Many chemical processes proceed through photoactivation @utoprotection from the photoreactions in living cells. However,
such as, for example, the electronic transfer process in photo-it is interesting to note that two bases, adenine and 2-aminopu-
synthesis, the charge transfer through antenna complexesfine, have an entirely different quantum yield. Thus, while the
isomerization in bacteriorhodopsin, animal visual pigments, quantum yield for fluorescence is around 0.5 for 2-aminopurine,
“retinol”, the formation of twisted charge-transfer species, it is only about 0.0003 for adenirfé!! On the basis of the
excited-state proton transfer, ét€he starting point for explain-  ground and singlet excited-state geometry optimization studiy
ing the excited states of polynucleotides should be the knowl- of adenine tautomers, the N7H form is found to undergo a large

edge of excited states of the constituted purines and pyrimidinesgeometry change consequent to the relaxation of the n
state®e10The final geometry resembles a twisted intramolecular

* Corresponding author. E-mail: jerzy@ccmsi.jsums.edu. charge transfer state, although only a small charge transfer was

The static and dynamic properties of polynucleotides deman
a detailed knowledge of the structures of nucleic acid bases an
related compounds not only in the ground state but also in
different excited states. A continuous increment of UV exposure
on earth due to ozone depletion is posing a dangerous challeng
to the living world? It is well-know that UV radiation can alter
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revealec?®0lt has been suggested that both the N9H and N7H E,. = E(AU) — E(A,,) — E(Up) (1)

tautomers of 2-aminopurine contribute to the absorption and

fluorescence spectf&!® In the case of adenine the N9H where E(AU) is the total energy of the AU base pair in the

tautomer is present dominantly in the ground state in aqueousground state an&(Aay) and E(Uay) are the total energies of

solution, but the fluorescence mainly originates from the N7H the adenine and uracil moieties, respectively, within the

tautomere®%a1%urthermore, the fluorescence of 2-aminopurine framework of the optimized AU base pair geometry, while the

is absorbed by its cation obtained by the protonation of the N7 ghost atoms were added in place of the complementary base of

site of the N9H tautomer, the fluorescence of which can have the complex. The interaction energy in the excited statirit)

an anti-Stokes componeHt'2 where the excitation is localized at the adenine moiety was
In this work, we have carried out a computational study of calculated using the formula

the RNA adenineuracil (AU) base pair in the ground and

selected singlet excited states. However, the real systems of EVint = EQAU) — EM(A,) —EQUL) ()

nucleic acids in which stacking of bases and the surrounding

environments play an important role are much more com- whereas, for the state where excitation is localized at the uracil

plex3a-e6l13This study of the AU base pair sheds some light moiety, the interaction energy was calculated using the formula

on the photophysical behavior of nucleic acids and is a step

closer toward gaining an understanding of nucleic acid structures EMint = EM(AU) — E(O)(AAU) — E(”’)(UAU) (3)

and properties not only in the ground state but also in the excited

states. In egs 2 and 3EM(AU) is the total energy of the AU base pair
in the nth excited state an&M(Aay) and EM(Uay) are the
2. Computational Details total energies of the adenine and uracil moieties, respectively,
) o in the n'th excited state which corresponds to tiik state of
Ground-state geometry of the AU base pair was optimized {he AU base pair (since theh state of the AU base pair may
using the ab initio restricted Hartre€ock method. The excited ot necessarily correspond to thié state of adenine or uracil:
states were generated using the configuration interaction gee Taple 1)EO(AxL) andE@(Uay) are the ground-state total
considering single electron excitations (CIS) from the filled to - gnergies of the adenine and uracil moieties, respectively. In these
the unfilled molecular orbitals using the optimized ground-state ¢4|culations the geometries of adenine and uracil moieties are
geometry, and this was followed by geometry optimizations in ithin the framework of the optimized geometry of the AU base

different excited states. The standard 6+31G(d,p) basis set  pajr in thenth excited state, while the ghost atoms are added in
was used in all calculations. The nature of the ground-state pjace of the complementary base of the complex.

potential surface was analyzed by vibrational frequency calcula-
tions. Due to the large size of the system, the excited-state 3, Results and Discussion
geometries were optimized und&; symmetry. In the CIS
calculatior* all of the occupied and unoccupied orbitals were
considered using the option GZ&FULL. All reported calcula-
tions were performed using the Gaussian 94 progfam.

Theoretical investigations of different base pairs using the
HF, MP2, and DFT methods employing various basis sets have
shown that the HF method is reasonable in the computation of
interaction energies and geometi€She CIS method is the
HF analogue for the excited-state calculations and is considere
as the zeroth-order approximation for the study of excited-state
potential energy surfacéslt is well-known that CIS-computed
transition energies are quite larger than the corresponding
experimental transition energies, and linear scaling is needed
to compare with experimental da@f2¢¢ The scaled CIS
transition energies are found to be satisfactory in explaining

experimental transitions of different varieties of mole-
culesbSc.bace,l7

The optimized geometry of the AU base pair (Figure 1) in
the ground state is predicted to be planar at the HF/6-
31++G(d,p) level. The predicted planarity was validated by
the calculations of Hessians at the optimized geometry. To
evaluate the geometrical deformation of individual monomers
consequent to base pair formation, the geometries of individual
bases (adenine and uracil) under the constraint of planarity were
OIalso optimized. The deformation energy calculated as the energy

difference between the separately optimized isolated bases to
those within the framework of the optimized base pair unit
indicates that the geometrical deformation is negligible in going
from individual bases to base pair; it is approximately 0.22 kcal/
mol for adenine while approximately 0.34 kcal/mol for uracil.

3.1. Vertical Excitations. The 10 lowest vertical singlet
xcitation energies, oscillator strengths, and their assignments
of the AU base pair are presented in Table 1. The vertical singlet
excitation energies of individual constituents (adenine and uracil)

There are no experimental techniques to determine directly of the AU base pair within the geometrical framework of the
the excited-state geometries of complex molecular systems sucrbptimized complex are also presented in the same table. The
as purines, pyrimidines, and base-pair complexes. The super+ransitions are characterized by the*, zzz*, or nz* types and
sonic jet cooled spectroscopitand resonance RamidPstudies  are localized at the either of the bases. The only exception was
of uracil and thymine have indicated the nonplanarity of the found for the Sy(z*) state discussed later (Table 1). In an
excited-state geometries. Excited-state geometry optimizationexperimental study of the AT, GC polymers and natural DNA
studies of pyrimidines using the CIS method have also shown pases, the electronic transitions were also assigned to the
the nonplanar excited-state geometfie®Ve believe that the corresponding monomer basésSince the zz* and ne*
application of the CIS method provides reasonably good data transitions of nucleic acid bases are discussed in different
for AU base pair excited-state geometries. experimental and theoretical publicatichéwe will, therefore,

The basis set superposition error (BSSE) corrected interactionrestrict our discussion to these important* and nt* types of
energies in the ground and different excited states were transitions.
computed using the BoyBernardi counterpoise correction Before discussing the transitions of the AU base pair, it is
schemed? The interaction energyEy) in the ground state was  imperative to discuss the transition energies of isolated bases
calculated using the formula to examine if they are in accordance with the corresponding
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TABLE 1: Vertical Excitation Energies (AE, eV), Oscillator Strengths ), and Their Assignments of the AU Base Pair and
Their Constituent Bases (Adenine (A) and Uracil (U)}

AU base paiP state(assgnt)E (f)

adenineAE (f) (assgnt) uracilAE (f) (assgnt)

Si(770*) 6.17 (0.0057) (A%)
Sy(w*) 6.41 (0.5106) (A%
Sy(*) 6.51 (0.0253) (A%)

6.19 (0.0074){0*)
6.43 (0.4124y(7*)
6.56 (0.0214)y(7*)

Sy(7r*) 6.66 (0.3576) (U*)
Sy(nr) 6.66 (0.0001) (U*)
Si(70*) 6.70 (0.0002) (A*)
Si(o*) 6.71 (0.0133) (U*)
S(70*) 6.97 (0.0043) (A¥)
Sy(rrr*) 7.22 (0.0230) (A— U*¥)
Sio(nr¥) 7.29(0.0005) (A*) 7.13 (0.0005) (rt)

aGeometries of A and U are within the framework of the optimized AU base-pair georidttyand U* indicate that the corresponding moiety
of the base pair is excited. A~ U* indicates excitation from the adenine to the uracil moiety.

6.66 (0.4626)7*)
6.42 (0.0000) (rt)

6.59 (0.0002)0*)
6.74 (0.0135)10*)

6.97 (0.0033)0*)

He2 the mo* types of transitions were also found among these
‘ transitions which we are not presenting here. Furthermore, the
geometries taken for the transition energy calculations are those
within the framework of the optimized ground state AU base
pair geometry and are within the error of 0.05 eV compared to
transition energies obtained using individually optimized ge-
ometries. It is now well established that the main absorption
band (near the 260 nm (4.77 eV) region) of adenine consists of
two szt transitions, one being stronger and short-axis polarized
while the second is considerably weaker and is long-axis
Figure 1. Atomic numbering schemes in the AU base pdirshows polarized®2P The relative positions of both transitions are

: N :
the transition moment direction for individual bases according to €NVironmentally dependeft® In water solution the stronger
Tinoco—DeVoe convention. band which appears at 261 nm (4.75 eV) is short-axis polarized

and a weak band which appears as a shoulder near 267 nm (4.64
experimental data and other theoretical results. The low-lying eV) is long-axis polarize@-°The absorption spectra of adenine
singlet verticalzzz* and nz* transition energies of adenine and in vapor phase exhibit only two peaks near 252 and 207 nm
uracil are presented in Table 2 along with CASPT2/CASSCF (4.92 and 4.99 eV, respectiveB)The CIS-computed transition
and some selected experimental results. It should be noted thaenergies shown in Table 2 suggest that the fitst transition

TABLE 2: Low-Lying Singlet za* and na* Vertical Excitation Energies (AE, eV), Oscillator Strengths ), Transition Moment
Directions (®, deg), and Dipole Moments g, D) of Adenine and Uracik

exptr
CIs . - -
CASPT2/CASSCE: cryst: LD:
AE f (0] u AEP AEYABfI®/u abs CD AE/f|® AE/fI®D
Adenine:r—xa* Transitions
6.43 0.4124 56 2.03 4.63 5.13/5.73/0.07/23/2.37 4.51/0.1/83 4.55/0.047/66
6.56 0.0214 —42 3.72 4.72 5.20/6.48/0.37/37/2.30 4.92 4.68 4.68/0.2/25 4.81/0.24/19
7.28 0.0179 —-51 1.53 5.24 5.38/0.0 2745
7.87 0.4854 —44 2.00 5.67 6.24/7.80/0.8517/2.13 5.99 5.77 5.82/0.2545 5.80/0.14+-21
8.26 0.3066 18 3.25 5.95
6.C¢ 6.72/8.30/0.159/40/4.60 6.36 6.08/0.11/15 5.99/6-62/
8.40 0.4368 —85 3.92 6.05
Adenine:n-7* Transitions
7.13 0.0005 2.33 5.13 6.15/6.43/0.0012.14
7.57 0.0025 0.73 5.45 6.86/7.16/0.0011.93
Uracil: 7—s* Transitions
6.66 0.4626 -7 5.13 4.80 5.00/6.88/0.1977/6.3 51 4.73 4531/ —-9
8.24 0.0668 75 2.97 5.93
6.03 5.82/7.03/0.08+29/2. 4 6.0 5.77 5.82// 59
8.50 0.1481 53 4.68 6.12
8.90 0.3615 —51 3.77 6.41 6.46/8.35/0.29/23/6.9 6.6 6.36
9.55 0.2680 —26 291 6.88 7.00/8.47/0.7642/3. 7 7.00
Uracil: n—za* Transitions
6.42 0.0 2.98 4.62 4.54/4.781—-/3.4
7.86 0.0005 5.32 5.66 6.00/6.31/4.8

a Geometries of A and U are within the framework of the optimized AU base-pair geometry. The B&Wwmeo convention is used for the
transition moment directions (see Figure 1 for explanation). The computed ground-state dipole moment for adenine is 2.53 and for uracil is 4.91
D. P Scaled (scaling factor 0.72) energyAE* corresponds to CASPT2 artE? corresponds to CASSCF transition energies; for details, see ref 5d
for adenine and ref 5f for uracil. For the oscillator strength efq transitions of uracil, see ref 5. Abs: absorption in vapor phase (see ref 21).
CD: CD spectra of base nucleotides in aqueous medium (see ref 22c). Crystal: results for adenine correspond to 9-methyladenine (see ref 24a),
and those for uracil correspond to 1-methyluracil (see ref 28). LD: LD spectra of 9-methyladenine oriented in stretch poly(vinyl alcohol) film (see
ref 3j). ¢ Average of transitions at 5.95 and 6.05 é¥Average of transitions at 5.93 and 6.12 eV.
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is stronger, while the second is comparatively weaker. The would be more blue-shifted compared to the first transition.
energy difference between these two transitions is about 0.1 Therefore, the discrepancy discussed above would be eliminated
eV which is in agreement with the observed splitting of 0.11 under hydrogen-bonding environments. Similar conclusions
eV of corresponding transitions of adenine obtained in an were made in earlier investigations aka hus it appears that,
aqueous medium (Table #.The computed dipole moments near the 245 nm region, two transitions of the* and nz*
of these two states (Table 2) suggest that the second transitiortypes are present in adenine.
having larger dipole moment than the first transition will  The CIS-computed transition energies of uracil presented in
stabilize more in an aqueous medium. Consequently, underTaple 2 show that in the gas phase the first vertical singlet
aqueous solvation, the first transition will have a lower intensity excited state of uracil has#i character. This is in accordance
than the second transition. The data presented in Table 2 suggesfith experimental observations in which in the gas phase or in
that the computed scaled CIS transitions are in good agreementprotic solvent uracil and thymine have an*rstate as the
with the corresponding experimental values and the transitions jowest singlet excited stafé26The first singlet m* transition
obtained by the CASPT2 methdAlthough the transition s localized at the C404 group, and the second is localized at
energies obtained by the CASPT2 methods are slightly higherthe C202 group. Assignments of these transitions are in
than the experimental data and the scaled CIS transition energiesagreement with the MRCI, RPA, and CASSCF/CASPT2
the corresponding CASSCF values are much greater (Tabfe 2). results3' Further, there is sufficient experimental and theoretical
The first CASPT2 transition energy has a larger oscillator evidence to suggest the existence of af mansition near 250
strength than the second transition suggesting that the CASPT2hm (4.96 eV) of uracil in aqueous medium, the relative position
results are closer to the aqueous solution results. The CISof which is solvent dependeft5"22An existence of a second
calculation predicts a weakz* transition near 5.24 eV which  nz* transition near 217 nm (5.71 eV) has been suggested in
has not been found in the CASPT2 and CASSCF calculatfbns. 1-methyluraci?® The CIS-computed first two singletaf
Although the existence of a transition near 230 nm (5.39 eV) transitions are predicted to be near 4.62 and 5.66 eV, the
has been predicted in earlier semiempirical calculafiasd corresponding dipole moments are 2.98 and 5.32 D, respectively,
indicated in the MC?2 and C[¥?"¢spectra, they have been while the ground-state dipole moment is predicted to be 4.91
assigned to the st type on the basis of the semiempirical D (Table 2). This suggests that under hydration or hydrogen
prediction of an existence of therh transition in the same  bonding environments the first transition will be largely
region® Recently Holmen et &.have found the existence of  destabilized and, therefore, blue-shifted. The corresponding
a weaksr* transition near 5.38 eV with an oscillator strength  effect on the seconda transition would be small. Under such
of 0.027 in the stretch film experiment on 9-methyladenine. conditions the computednt transitions will be in agreement
Thus, our CIS-predicted transition near 5.24 eV is in agreement with the corresponding experimental values observed near 4.96
with the recent stretch film experimental restiiThe experi- and 5.71 e\fa522.28The data shown in Table 2 suggest that
mental transition near 6.0 eV (6.36 in CD, 6.08 eV in crystal, the observed spectral transitidhd*° can be explained easily
5.99 eV in LD) is revealed to be a composite by the CIS method in terms of the CIS-computed and scaled singlet vertica
where the two nearby transitions near the 5.95 and 6.05 eV transition energies within an error of 0.2 eV. There is also good
region (scaled values) are contributing to it (Table 2). This correspondence between the CIS-computed scatédexcita-
prediction is in accordance with the MCD results which suggest tion energies and those of the CASP#2* excitation energies
that the UV-absorption band near the 200 nm (6.2 eV) region (Table 2)°" The CIS calculation predicts the composite nature
is composed of two transitions and their transition moment of the second experimental gas-phase transition observed near
directions are not parallel with each oti#éVith regard to the 6.0 eV; the computed transitions near 5.93 and 6.12 eV are
transition moment directions of adenine, different experimental contributing to it (Table 2). Since the dipole moment of the
methods give different directions, and their magnitudes are found state corresponding to the transition near 6.12 eV is much larger
to be dependent on the experimental environm@ift! The than the state corresponding to the transition near 5.93 eV, the
transition dipole moment directions for adenine measured in stabilization of these two transitions would be different under
crystab*@and stretch il experiments are presented in Table an aqueous environment. The higher energy transition will be
2. Among the CIS-computed transition moment directions, some stabilized more than the lower energy transition. Therefore, it
are found to be in agreement with the crystal results, while othersis expected that under hydration both of these transitions will
are closer to the stretch film results (Table 2). Further, computed give rise to one single transition. The CIS-computed transition
transition moment directions for the composite transitions near moment direction for the first transition is found to be7’
5.95 and 6.05 eV are found to be 18 an@5°, respectively (Table 2). This prediction is in agreement with the experimental
(Table 2). This prediction is in accordance with the earlier value of —9° suggested by Vovrous and Clakit is difficult
discussed MCD finding regarding the nonparallelism of transi- to comment on the computed transition moment direction for
tion moment direction&® the second transition. First, the predicted nature of the transition
The existence of arvt transition near 244 and 204 nm (5.08 is complex, and second, different experiments have suggested
and 6.08 eV) in 2deoxyadenosine has been tentatively assigned different values. Novros and Clé&k have suggested two
by Clark24> Although the computed firstart transition near  transition moment directions, namety53 or +59°, and favor
5.13 eV is close to the 244 nm (5.08 eV) prediction and about the latter as being consistent with the LD spectra of urégil.
0.2 eV lower than the CB>cand MC??aresults of adenine ~ But, Anex et aP® have suggested the value e81°. Eaton
discussed earlier, the second*ntransition near 5.45 eV is  and Lewis have estimated that polarization of bands I and II
largely away from the experimental 204 nm (6.08 eV) value are approximately perpendicular to each offfeiiolmen et
(Table 2). It is well-known that thest transitions are blue  al?** have found an angle of 35or the second transition of
shifted under a hydrogen-bonding environm#&25A com- 1,3-dimethyluracil.
parison of the dipole moments of these twe*rtransitions Among the vertical transitions of the AU base pair, the lowest
(Table 2) suggests that under a hydrogen-bonding environment,singlet zzz* excitation (&) is characterized by an intense
the second transition with an appreciably low dipole moment transition localized at the adenine moiety and is followed by a
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weakzzr* excitation (&) localized also at the adenine moiety TABLE 3: Ground- and Excited-State Optimized Bond
(Table 1). Next ther* excitation (&) is localized at the uracil  Lengths (A) and Bond Angles (deg) of the AU Base Pair

moiety and especially at the'®-C'6 bond, the transition S S(rr*)  S(rm*)  Sha*)  Si(ne*)
intensity being slightly weaker than th&(zz*) excitation Bond Lengths
(Table 1). The lowest singletari excitation of the AU base N1—-C2 1.334 1.323 1.332 1.337 1.379
pair is the fifth transition &) localized at the uracil moiety. It C2—-N3 1.311 1.389 1.311 1.311 1.370
is assigned to the excitation of a lone-pair electron of the-C N3—C4 1332 1284 1332 1330 1315
O'4 group of uracil. In an earlier study of uracil, the transition C4-C5 1.375 1.428 1375 1.376 1.380
. Vi h L f the 02 b | | C5-C6 1.405 1.457 1.405 1.401 1.446
|nV.0 Vlngt e (?XCItatlon OUt-O t e carbonyl oxygen One N1—-C6 1.335 1.322 1.336 1.329 1.290
pair was predicted to be higher in energy than the transition cs—N7 1.382 1.316 1.382 1.382 1.367
involving the excitation out of the O4 carbonyl oxygen lone N7-C8 1.282 1.343 1.282 1.282 1.280
pair27 It should be noted that th&(sr*) and S;(n*) excited C8-N9 1371 1370 1371 1371  1.388
; ; . ot ; C4—N9 1.361 1.379 1.361 1.361 1.353
states are having approximately similar excitation energies
. " . . C6—N6 1.333 1.330 1.332 1.341 1.345
(Table 1). The next singletrt transition So(nz*)) is localized N'1-C2 1375 1375 1399 1367 1374
at the adenine moiety and is characterized by the excitation of c'2—N'3 1.366 1.368 1.354 1.362 1.368
a nitrogen lone pair of the purine ring. Tisg transition of the N'3—-C'4 1.379 1.378 1.403 1.413 1.381
AU base pair is a special kind of ther* type. In this transition, C4-C'5 1461 1460 1419 1439 1461
the excitation is taking place from thetype occupied orbitals C,S_C,G 1.332 1.333 1.457 1.334 1.332
. . - . . N'1-C'6 1.369 1.368 1.344 1.399 1.369
of the adenine moiety to the*-type virtual orbitals localized C2-02 1198 1196 1197 1204 1196
at the uracil moiety of the AU base pair. Therefore, this c4-04 1.204 1.206 1.223 1.274 1.203
excitation can be characterized as a charge-transfer type Bond Angles
transition, giving rise to a charge-transfer type of the excited N1—C2-N3  128.3 126.5 128.4 127.9 113.6
state &). An analysis of the ground and differemt* and nz* C2-N3-C4 1117 113.2 111.6 112.0 122.9

excited-state total Mulliken charges at the adenine moiety of N3—C4-C5 1266 1266 1266 1265 1229
the AU base pair reveals insignificant charge transfer in going c : :
from the ground state to tH®(z1*) excited state. But it yields C2-N1-C6 1193 120.7 1193 1191 1974
a trend for the charge-transfer type nature of the state. For otherca—-cs—-N7  110.9 112.3 110.9 111.0 110.5
states f* and nr*), Mulliken charges are found to be  C5-N7-C8  104.3 105.3 104.3 104.2 105.6
approximately the same as in the ground state, whil&fo*) N7—-C8-N9 1134 1119 1134 1135 1122
the excited-state charge was reduced by about 0.014 au. ACB-N9-C4  106.5 107.2 106.5 106.5 106.4

. . . C5—-C4—N9 104.9 103.3 104.9 104.8 105.3
charge-transfer type state with little charge transf_er is not Ng-ce-Cc5  122.7 119.7 1227 1222 120.1
unexpected in view of the N7H tautomer of adenine. This N1-C2-N'3 114.4 114.3 116.0 115.7 114.2
tautomer in the lowest singletti excited state is found to be  C2—-N'3—-C'4 126.8 126.7 124.7 123.1 127.0
in resemblance to the twisted intramolecular charge transfer stateN'3-C4-C'5 1150 ~ 1151 1163 1185 11438

4d—e,6e,10 i ; ; C'4-C5-C6 118.8 118.8 1211 118.0 118.9
(TICT). The amino group is twisted, and the plane CE_CB—N1 1219 1219 1154 120.8 1220

containing the amino group is approximately perpendicular to ~g_N1-c2 1231 1231 1264 1240 1231
the plane of the ring under the geometrical relaxation of this g2—-c2—-N'3 123.6 123.6 125.0 122.1 123.6
state®®19The small charge transfer from the ring system to the 0'4-C4—-N'3 120.6 120.7 118.8  117.7 120.7
am?no group was revealed in this process (the twisting of the environment, while, in the protic environment, the nature of
amino groupf* the lowest singlet excited state is changed tosthé type 3226

A comparison of transition energies of the AU base pair to Thys, very weak coupling inmz* spectral transitions of
those of isolated monomers computed within the framework of jndividual bases is revealed after base-pair formation (Table 1).
the optimized base-pair geometry (Table 1) reveals that there 3 2. Excited-State GeometriesThe geometries of the AU
is no significant change in the energies of the* excitations base pair were optimized for two singletr* (S, andS;) and
in going from isolated bases to the AU base pair, while the two singlet m* (S and Sy0) excited states using the CIS
transition energies ofrf excitations are increased (blue-shifted) method'4 The selection of these states was based on the fact
upon base pair formation (Table 1). Such an increase in thethat they are the lowest singlet excited states of eithernttie
n* transition energies is in accordance with the established or the n* type localized on the adenine or uracil moieties under
fact that hydrogen bonding plays a role in the blue shift of the the AU base-pair excitations. Optimized bond lengths and bond
n* transition32¢2°0n the basis of these results (spectral shift) angles (for heavy atoms) in these excited states along with the
it can be speculated that the hydrogen bond strengths would bepptimized ground-state parameters are presented in Table 3.
similar in the ground andrz* excited states while decreased From the ground state to ti8(r7*) excited state, the geometry
in the nt* excited states. The oscillator strength of the first of the adenine moiety is significantly changed while the uracil
ar* transition of adenine is increased after complex formation geometry is intact (Table 3). The change in the geometry of
(AU base pair), while, for the secondt* transition, it has an adenine only is not unexpected as the excitati®in(z*)) is
insignificant effect (Table 1). In the case of uracil, after localized at this moiety. The most prominent changes are
complexation the oscillator strength of the first* transition confined at the C2N3—C4=C5—N7=C8 and C5-C6 frag-
is decreased (Table 1). Furthermore, while in uracil the first ments of adenine. The C2N3, C4C5, C5C6, and N7C8 bond
transition is predicted to be of therhtype and second is of  lengths are increased between 0.05 and 0.08 A, while the N3C4
m* type, after base-pair formation both transitions have same and C5N7 bond lengths are decreased by about 0.048 and 0.066
energy. Such effect can be attributed to the blue shift in the A, respectively, compared to the respective ground-state values
transition energy of m* excitation after the AU base-pair  (Table 3). Thus, the characteristics of single and double bonds
formation3a¢25Experimentally, the lowest singlet excited state in C2=N3—C4=C5—N7=C8 fragments are interchanged in the
of uracil is predicted to be of thearf type in an aprotic S(m*) excited state. Interestingly, the €&6 bond length is
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further increased by about 0.052 A in this state. In a recent TABLE 4: Hydrogen Bond Lengths (A) and Bond Angles
excited-state geometry optimization study of adenine, similar (deg) of the AU Base Pair in the Ground and Different
changes are predicted in the geometry of the lowest singiet E)rigrtei% SSEteskacr;cli/r%Bund- and Excited-State Interaction
excited state of the N9H tautomer of the molectle. 9 Ity

In the S(7zr*) excited state, where the excitation is localized states
at the uracil moiety, the geometrical changes are also ac-___Pparams S Srr*)  Syaa*)  S(nr*)  Sw(nr*)
companied to the uracil. The geometry of adenine remains O'4---N6 3.082 3.011 3.029 3.742 3.092
unchanged compared to the ground-state geometry (Table 3).N'3--*N1 3.019 3.066 3.022  3.087  3.146
As compared to the ground state, the alternate ring bond lengths©'4-+-H61 2.088 2016 2032 2786 2104
H'3-+-N1 2.007 2.059 2.010 2.083 2.143

of urac_ll are found to increase and decreas? in this ste}te. TheO’4fH617N6 172.6 171.0 174 2 161.9 170.2
most significant change is revealed at tH8-6C'6 bond which N'3—H'3—N1 177.6 174.6 177.0 1830 1741
is increased by about 0.125 A compared to the ground-state g, -10.1 -102 -10.7 -5.9 -7.3

value (Table 3). The large increase in this bond length is in ) ) ) ]
accordance with the fact that the excitation is localized mainly the N3H site of uracil acting as a hydrogen bond donor (Figure

at this bond ((5—C'6), as discussed earlier. The excitation of 1)- The formation of the third type of hydrogen bond between
the uracil moiety and the subsequent large increase’sfC  the C2H site of adenine and theé20'2 group of uracil has
C'6 bond length may play a significant role in the photodimer- P€en spe_culzit)ed by Leonard ef#land supported by Starikov
ization of pyrimidines in DNAa< Further, this increase in the ~ and Steinef” This third hydrogen bond is suggested to
C'5-C'6 bond length of uracil is in agreement with the Contribute to the stability of the AU base péit. However,
experimental fact that two pyrimidine units of nucleic acid forms theoretical calculations at the MP2 level do not support the
photodimers through this sifé<In an earlier theoretical study ~ €Xistence of this type of hydrogen bond in the AU base fair.
of excited states of different pyrimidines, the geometrical Computed hydrogen bond distances and hydrogen bond angles
distortion in thersr* excited state of thymine and cytosine was &€ shown in Table 4. This table suggests that the-{M13
found to be very large especially around the-&36 bond:; the hydro_gen bond is approxmately linear (within 67) in the ground
length of this bond is also increased appreciably, while uracil @nd different excited states, while thé46-H61 hydrogen bgnd

is shown to be dissociative along this bond in this excited &tate. deviates from linearity; the deviation is maximum in Sgns*)

The large increase in the'&C'6 bond length of uracil ~ €xcited state. In th&(nz*) excited state, the @—H61-N6
consequent to the singlatr* excitation may be related to the hydrogen bond angle is predicted to be about 162°. Further, in

photodimerization of pyrimidines in which the singlet excimer this state &(nz*)) the O'4-+-H61 hydrogen bond distance (and
state is suggested as a precuf$at. subsequently the '‘@--N6 distance) is increased appreciably

by about 0.7 A, while the K--:N1 hydrogen bond distance
(and subsequently the'8-N1 distance) is increased by about
0.07 A. These changes can be accounted for the large increase
in the C4—0'4 bond length in this state (Table 3) and also for
the fact that hydrogen-bonding interactions are destabilized in
the nt* state3® In the S and S z#x* excited states, the
O'4---H61 hydrogen bond distance (and subsequently tde-O
N6 distance) are slightly decreased, while th&-HN1 hydrogen
bond distance (and subsequently the88-NN1 distance) are
slightly increased compared to the respective ground-state values
(Table 4). In the5o(nt*) excited state, the 13---N1 hydrogen
bond distance (and subsequently thé3-\N1 distance) is
i i increased by about 0.14 A, while no significant increase is found
In a comparison of the ground state to Big(nz*) excited in the O4---H61 hydrogen bond distance (Table 4). Thus, these
state, significant changes are localized mainly at the-Gi2— results suggest that hydrogen bonding is destabilized under n
N1=C6-CS5 fragment of adenine. The N6 bond length is o citations. A recent experimental study of the hydrated clusters
decreased by about 0.045 A, while N1C2, C2N3, and C5C6 ¢t adenine in a supersonic molecular beam shows the weakening
bond lengths are increased by about 0.045, 0.059, and 0.041y¢ hyqgrogen bonding and the subsequent fragmentation of
A, respectively. An appreciable change in bond angles is also q4enine monomer hydrated clusters in the excited state of
revealed in this state; the NI°2-N3 bond angle is decreased  ,qeningi Del Bend“ has also postulated the destablization of
by about 14.7°, while the C2N3—C4 and C2-N1-C6 bond  y4rgen bond in hydrated adenine clusters underaxcita-
angles are increased by 11.2 and 8.1', respectively (Table 3).ion Krishna and Goodmahhave found that the hydrogen bond
Several attempts were made to optimize $5er7*) charge-  for pyrazine and pyrimidine is very weak or does not even exist
transfer type excited state of the base pair, but in all attemptsin the triplet nt* state. The hydrogen bonding of diazine in
optimizations were found to converge to the geometry of the methanol or water is reported to be dissociative in the singlet

In the Ss(nt*) excited state, geometrical changes are localized
mainly at the N3C'4C5 fragment and the '‘@0'4 group of
uracil. The N3—C'4 bond length is increased, and th&l€
C'5 bond length is decreased by about 0.034 and 0.022 A,
respectively. The most significant change is predicted in the
C'4—0'4 bond which is increased by about 0.07 A. Similar
changes are found in an earlier study of the lowest singt&t n
excited state of uracil, but the geometry was also predicted to
be nonplanafd However, it should be mentioned that this study
has been performed undeégsymmetry in the excited state while
earlier investigation was carried out without any symmetry
restrictionsd

Sy(r*) excited state. As discussed earlier, this st&€«r*)) n* state3®
is characterized by the localization of the* excitation at the The computed interaction energies shown in Table 4 reveal
C'5—C'6 bond of the uracil moiety. that the complex is characterized by low interaction energy.

3.3. Hydrogen Bonding, Interaction Energies, and Dipole Furthermore, the ground angz* excited-state interaction
Moments. It is well-known that the AU base pair is character- energies are predicted to be similar, while in the* excited
ized by the two hydrogen bonds. One of them is formed between states the interaction energies (in magnitude) are found to be
the amino group hydrogen of adenine which acts as a hydrogensignificantly reduced (Table 4). Thus, the AU base pair would
bond donor, and the'@0'4 group of uracil acts as a hydrogen be the least stable in th&(nz*) excited state where the
bond acceptor. The second bond is formed between, the Nlexcitation is localized at the'@O'4 carbonyl group of the uracil
atomic site of adenine acting as a hydrogen bond acceptor andmoiety. Our speculation that the base pair would have similar
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TABLE 5: Dipole Moment (u, D) of the AU Base Pair in bases to the base pair complex, the* transitions are blue
the Ground and Different Singlet Vertical #zz* and nz* shifted while no appreciable change is found in the*

Excited States and Dipole Moment for Bases in the Ground - : . :
State and Corresponding Excited States with Dipole transitions. The changes in the excited-state geometries are found

Moments of the Geometrically Relaxed Excited States in to be similar to those under individual bases. It is found that
Parentheses the AU base pair has at least one charge-transfer type singlet
AU base pair w* excited state lying slightly higher in energy and is
. ) characterized by the excitation of electrons from the occupied
state(assgnt) H adeniney uracil: p orbitals of the adenine moiety to the virtual orbitals of the uracil
S 2.22 2.53 4.91 moiety. In theSy(zz*) singlet excited state, where the excitation
S(m) 3.03(3.47) 32-023 is localized at the uracil moiety of the AU base pair, a large
%g;*g %4713 (2.50) 7 513 increase in the G—C'6 bond length of uracil is revealed. Such
S(n*) 2.58 (2.03) 208 an increase is important for the photophysical reactivity of
Sy(r*) 4.68 pyrimidines in view of photodimerization. The interaction
Sio(nr*) 2.13(2.29) 2.33 energy calculations suggest that the AU base pair is character-

ized by low interaction energy in the ground and excited states.

stability in the ground and different singlet* excited states It has a similar magnitude in the ground and different singlet
and reduced stability in the singlethexcited states is validated ~ zz* excited states and a significantly reduced magnitude in the
by interaction energy calculations. The computed interaction singlet nt* excited states. The AU base pair is predicted to be
energy also supports the predicted weak coupling of the singletlargely destabilized in thest excited state.
stzr* transitions of the individual bases after complex (the AU
base pair) formation. Therefore, our prediction regarding the  Acknowledgment. The authors are thankful to NIH-RCMI
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