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ABSTRACT: Fluorescent nucleobase analogues are used extensively to probe the structure and dynamics of
nucleic acids. The fluorescence of the adenine analogue 2-aminopurine and the cytosine analogue
pyrrolocytosine is significantly quenched when the bases are located in regions of double-stranded nucleic
acids. To allow more detailed structural information to be obtained from fluorescence studies using these
bases, we have studied the excited-state properties of the bases at the CIS and TDB3LYP level in hydrogen-
bonded and base-stacked complexes. The results reveal that the first excited state (the fluorescent state)
of a hydrogen-bonded complex containing 2-aminopurine and thymine is just the first excited state of
2-aminopurine alone. However, the same cannot be said for structures in which 2-aminopurine is base
stacked with other nucleobases. Stacking causes the molecular orbitals involved in the fluorescence transition
to spread over more than one base. The predicted rate for the fluorescence transition is reduced, thus
reducing the fluorescence quantum yield. The decrease in radiative rate varies with the stacking arrangement
(e.g., A- or B-form DNA) and with the identity of the nucleobase with which 2-aminopurine is stacked.
Stacking 2-aminopurine between two guanine moieties is shown to significantly decrease the energy gap
between the first and second excited states. We do not find reliable evidence for a low-energy charge-
transfer state in any of the systems that were studied. In the case of pyrrolocytosine, base stacking was
found to reduce the oscillator strength for the fluorescence transition, but very little spreading of molecular
orbitals across more than one base was observed.

Environment sensitive fluorescent analogues of the natural
nucleobases are used extensively to study conformational
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changes of both RNA and DNAL(2). The adenine analogue /I\IIL/TEN) N
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2-aminopurine, shown in Figure 1, is a highly fluorescent O)\N |
isomer of adenine (6-aminopurine). The fluorescence excita- !

tion spectrum of 2-aminopurine has an excitation maximum FIGURE L. Structures of 2-aminopurine (&) and pyrrolocytosine (b).
In a nucleic acid, 2-aminopurine would link to the sugar via the

at~305 nm, considerably red'Shi_fted ComPared t_o those of nitrogen labeled Bland pyrrolocytosine via the nitrogen labeled
the natural nucleobases, allowing 2-aminopurine to be ;.

selectively excited in the presence of the other bases. The

substitution of 2-aminopurine for adenine in a nucleic acid excited-state lifetime) can be used to elucidate much more
causes little perturbation to the structure of a nucleic acid detailed structural information.

as, like adenine, 2-aminopurine will base pair with thymine  pisagreement exists in the literature about the photophysi-
in DNA or uracil in RNA. Experimental measurements reveal 51— photochemical mechanism that causes the fluorescence
that the fluorescence of 2-aminopurine is strongly quenched ot 2_aminopurine to change with local structural changes
when it is incorporated into a single strand of nucleic acid, gych as helix formation, in particular whether charge transfer
and the fluorescence is quenched still further if the single g or from a 2-aminopurine moiety in a nucleic acid occurs
strand of nucleic acid binds to a complementary strand and g5 4 direct result of single-photon excitation at 305 B (
forms a helix ¢, 2). Itis this sensitivity of the fluorescence  11) Although there have been numerous experimental studies
of 2-aminopurine to its local environment that is exploited o the fluorescence of 2-aminopurine in dinucleotides and
by experimentalists when they use the fluorescence of g oligomers of DNA and RNAS, 9, 12—15), a charge-
2-aminopurine as a marker for local structure in nucleic acid separated product (e.g., 2AP has yet to be observed as a
studies. In this paper, we aim to understand the quenchingregyt of single-photon excitation at 305 n6).(In contrast
mechanism of 2-aminopurine in a nucleic acid at the {g this, calculations by Jean and Hall considerably strengthen
_molecular level so that experlmentally determined changesthe theory that fluorescence quenching of 2-aminopurine in
in the_ fluore_scence properties of macromolecules contammg nucleic acids occurs via a direct charge-transfer prodsss (
2-aminopurine (such as changes in fluorescence intensity andy 7). jean and Hall calculated vertical transition energies
(energies of the different electronic states of the molecule
* This work was supported by The Royal Society (Grant 23699). N the.same gegmetry) and oscillatorlstrengths associated with
S.J.0.H. thanks E Wood Limited for the award of a Dr. Kut scholarship. radiative transitions between the excited states and the ground
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state for proxies of di- and trinucleotides containing 2-ami- in aqueous solution flattening of external amino groups to
nopurine using time-dependent density functional theory give planar structures is expected. A frequency analysis of
(TDDFT)! with the B3LYP functional, TDB3LYP18, 19). the optimizedrr* excited-state structure revealed no nega-
The results suggested that when 2-aminopurine is stackedive frequencies, indicating that a true minimum energy
with other nucleobases low-lying charge-transfer states (darkstructure had been found. The calculations on the structures
states) are formed which have a major influence on the in which the fluorescent base is in its ground-state geometry
photophysics of 2-aminopurine and can lead to efficient provide the predicted absorption wavelengths and oscillator
fluorescence quenching of 2-aminopurine in base-stackedstrengths, whereas those in which the fluorescent base is in
environments. In this work, we have examined the effects its first mz* excited-state geometry provide the expected
of both hydrogen bonding and base stacking on the fluores-wavelength and associated oscillator strength for the fluo-
cence of 2-aminopurine using the configuration interaction rescence transition.
singles (CIS) method2Q) to better understand the mecha-  Geometries Used for Base-Stacked Comple@bgomers
nism(s) by which the fluorescence of 2-aminopurine is (11 bp) of doubled-strandéd@ TTTTATTTTTS, SCCCCCAC-
guenched in a helical environment. Calculations have also CCCC, S\GGGGGAGGGGE, andSAAAAAAAAAAA °
been performed using the TDB3LYP method to illustrate in both A- and B-form DNA were created using Spartan02.
problems inherent in this method, specifically, the incorrect The sixth base in each oligomer was replaced with 2-ami-
prediction by the TDB3LYP method of low-lying charge- nopurine, and base-stacked structures of both A- and B-form
transfer states in base-stacked systems. SX2AP3, 52APX3, and ¥X2APX3, where X is cytosine,
2-Aminopurine is not the only nucleobase analogue to guanine, thymine, or adenine and 2AP is 2-aminopurine,
undergo fluorescence quenching in a helical environment. were selected from the oligomers. As before, the phosphates
A complementary series of calculations have been carriedand sugar units were removed and all bases terminated with
out on the fluorescent cytosine analogue pyrrolocytosine hydrogens. The structures of the natural nucleobases were
(shown in Figure 1). The fluorescence of pyrrolocytosine is replaced with those obtained from optimizations at the MP2/

also quenched in doubled-stranded DNA compared to single-

stranded DNA {, 21, 22), but the results of calculations

6-31G(d,p) level withCs symmetry imposed except in the
case of thymine. As described above, two structures for

reported in this work suggest that the underlying mechanism 2-aminopurine were used, one for the base in its ground-

may be quite different from that of 2-aminopurine.

METHODS

Geometries Used for Hydrogen-Bonded CompleXés.
vertical transition energies to excited states of a complex in
which 2-aminopurine is hydrogen-bonded to thymine were
investigated. The structure of the 2-aminoputihgmine

base pair was obtained by mutating an adenine, from a

Watson-Crick bonded adeninthymine base pair, to 2-ami-
nopurine. Two structures for the adenitigymine base pair
were used, one from an 11 bp structure of canonical A-form
DNA [produced using Spartan023)] and one from an 11
bp structure of canonical B-form DNA. In both cases, the
DNA oligomers contained only adenisteymine base pairs

and the middle (sixth) base pair was selected for mutation
to 2-aminopurine. The linking sugars and phosphates were
removed and the bases terminated with hydrogens at the N

(pyrimidines) or N (purines) position as appropriate. The
thymine was replaced with the MP2/6-31G(d,p) optimized

structure of thymine, and the adenine was replaced with an

optimized structure of 2-aminopurine obtained wi@
symmetry imposed. Two different optimized structures of

2-aminopurine were used: one for the base in its ground-

state (9) geometry, optimized at the MP2/6-31G(d,p) level,

and one for the base in the geometry of its first excited state

(Sy), az* state, optimized at the CIS/6-31G(d,p) level. In

the case of the ground-state structure, a vibrational frequency
analysis revealed one negative frequency associated Withh

pyramidization of the external NHunit; however, theC;
symmetry restriction was not removed as in a nucleic acid

! Abbreviations: TDDFT, time-dependent density functional theory;
TDB3LYP, time-dependent density functional theory with the B3LYP
hybrid functional; CIS, configuration interaction singles; 2AP, 2-ami-
nopurine; PC, pyrrolocytosine; 2APdr, 2-aminopurine deoxyriboside;
2APdrp, 2-aminopurine deoxynucleotide.

state () geometry and one for the base in the geometry of
its first excited state (3.

2-Aminopurine Nucleoside and Nucleoti@amputational
resources do not at present allow for a complete quantum
mechanical calculation of even small (di- and tri-) nucleotides
containing both the sugar and phosphate linking groups. To
ascertain the influence of the linking sugar and phosphate
groups on the fluorescent properties of 2-aminopurine, the
vertical transition energies of the 2-aminopurine deoxyribo-
side and deoxynucleotide were calculated. The structure of
2-aminopurine in both its ground-state and first excited-state
geometry was used, and the sugar and phosphate groups were
in the geometry they would have in canonical A- and B-form

Pyrrolocytosine Complexefn addition to these calcula-
tions involving 2-aminopurine, calculations in which pyr-
rolocytosine is base-stacked with guanine were also carried
out. Pyrrolocytosine (PC) was arranged with guanine stacked
above and below it GPCE, as it would be arranged in
A-form DNA (2.548 A rise per base, 32.7Qwist) and
B-form DNA (3.375 A rise per base, 36.D@wist). Two
different geometries were used, one for the base in its ground-
state (9) geometry, optimized at the MP2/6-31G(d,p) level
with Cs symmetry, and one for the base in the geometry of
its first excited state (3, a nonplanarzz* state @4),
optimized at the CIS/6-3tG(d,p) level with no symmetry
constraints imposed.

All structures for which results are presented in this work
ave been made available as part of the Supporting Informa-
Computational MethodsThe first 10 vertical transition
energies were calculated for all structures considered in this
work at the CIS/6-31+G(d,p) level. In the case of the
2-aminopurine hydrogen-bonded or base-stacked with thy-
mine, and the structures involving pyrrolocytosine, the
vertical transition energies predicted using the TDB3LYP/
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Table 1: Wavelengths and Oscillator Strength<;alculated at the CIS/6-31G(d,p) Level for the First (lowest-energy) Transition of
2-Aminopurine (2AP) Alone and 2-Aminopurine Hydrogen-Bonded to Thymine (T)

2AP in ground-state geometry 2AP in excited-state geometry
(relevant to absorption process) (relevant to fluorescence process)
structure A2 (nm) f assignment A2 (nm) f assignment
2AP alone 315 0.334 TUoARTT® 2AP 342 0.371 TUoARTT® 2AP
2AP-T H-bondlng, A-form DNA 320 0.364 TToAPTT* 2nP 346 0.409 TToAPTT* 2AP
2AP-T H-bonding, B-form DNA 320 0.363 TUoARTT® 2AP 345 0.408 TUoARTT® 2AP

a All energies have been scaled by a factor of 0.72.

6-31+G(d,p) method were also calculated. In our previous
paper 24), we examined the influence of the basis set on R ? ) _
the predicted transitions. We concluded that there was no : o
significant benefit in using the 6-311G (or cc-pVTZ) basis )
set over the smaller 6-31G (or cc-pVDZ) basis set; however, \
the inclusion of diffuse functions was necessary as not only '
did the absolute energy and spacing between excited states
prove to be sensitive to the inclusion of diffuse functions -
but failure to include diffuse functions resulted in the '
prediction of no low-lying Rydberg states. It is known that \ —_ -
low-lying Rydberg states play an important role in many \
photochemical reactions and therefore should not be ignored }
(25). What we did not examine in our previous work was Ficure 2: Orbitals involved in the first transition of the complex
whether it was necessary to include diffuse functions on both in which 2-aminopurine is hydrogen-bonded to thymine, as
hydrogen and heavy atoms, or if equally good results could ﬁqr?tgigtetﬁn?getgergbsn (;n;glgd-égntqhe? to’:\)/vdhii?egiﬂﬂézb-gtrggogi:ﬂ?aenis
be obtained with the mCIUS!On of d'.ffuse functions on heavy 2-aminpopurine ?s in the optin?ized ger())/;netry of its first excitedgstate'
atoms only, for example, if the slightly smaller basis set, (57 state).
6-31+G(d,p), could be used instead of the 6+3tG(d,p)
basis set. We have therefore performed calculations at bothijs of zz* character and the orbitals involved in the
the CIS/6-3%#+G(d,p) and CIS/6-31G(d,p) levels on  fluorescence transition (shown in Figure 2) are centered
structures in which pyrrolocytosine is sandwiched between solely on 2-aminopurine and resemble those involved in the
two guanine molecules, as it would be in DNA. first transition of 2-aminopurine itself. The wavelength is
All electronic structure calculations were performed using slightly, ~4 nm, red shifted compared to that of free
the Gaussian 03 suite of program26X The molecular  2-aminopurine, and the oscillator strength for the transition
orbitals were viewed using either Molekelqj or Chemcraft  from the ground state to this excited state is greater, by
(29). ~10%, than that of the analogous transition of 2-aminopurine
RESULTS alone. These results are slightly different from those reported
previously for pyrrolocytosine2d). In the case of pyrrolo-
Hydrogen Bonding in 2-Aminopuringable 1 shows the  cytosine, although a red shift was also calculated for the
transition energies and oscillator strengths predicted at thefluorescence transition upon hydrogen bonding (to guanine),
CIS/6-3H-G(d,p) level for the complex in which 2-ami- the associated oscillator strength was no larger than that for
nopurine is hydrogen-bonded to thymine. The energies of the fluorescence transition pyrrolocytosine alone.
w* states predicted by the CIS method are known to be  The results from the TDB3LYP method, shown in Table
too large, and thus, all energies based on CIS calculations2, are very different from those obtained using the CIS
reported in this work have been scaled by a constant factormethod. For the free base, the wavelength predicted for the
of 0.72, as recommended by Broo and Hoim@9). The first transition, to azs* state, is 290 nm and the oscillator
absolute values of the oscillator strengths predicted by the strength for this transition is 0.131. However, when 2-ami-
CIS method are also too large, but as the discussion focusesopurine is hydrogen-bonded to thymine, the wavelength for
on the relative changes in the values of the oscillator the first transition is~317 nm and the oscillator strength is
strengths, rather than the absolute values, no correction hagxtremely small;~0.002. The reason for this dramatic change
been applied. Wavelengths of the scaled absorbance ands that the first excited state predicted by the TDB3LYP
fluorescence maxima, 315 and 342 nm, are in good agree-method for the hydrogen-bonded complex is of charge-
ment with the values of Rachofsky et aB0f, 312 and 338  transfer character: an electron is promoted fromabital
nm, respectively, obtained using the much higher level centered on 2-aminopurine into a vacant orbital of
method, complete active space self-consistent field (CASS-thymine, and the orbitals that are involved are shown in
CF) supplemented using multiconfigurational quasi-degener- Figure 3. However, it is known that although local and hybrid
ate perturbation theory (MCQDPT). The results presented TDDFT methods such as TDB3LYP can be used to predict
in this work are for the molecules in vacuo; the measured accurate energies and transition dipole moments for valence
absorbance and fluorescence maxima of 2-aminopurine instates (such as locatzr* states), the methods seriously
aqueous solution are305 and 370 nm, respectivelf)( underestimate the energies of charge-transfer states; the
The CIS method predicts that the first excited state for reasons for this are fully discussed in the review by Dreuw
complexes of 2-aminopurine hydrogen-bonded to thymine and Head-GordorB() and references therein but are briefly
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Table 2: Wavelengths and Oscillator StrengthsQalculated at the TDB3LYP/6-31G(d,p) Level for the First and Second Transitions of
2-Aminopurine (2AP) Alone and 2-Aminopurine Hydrogen-Bonded to Thymine (T)

first transition second transition
structure A (nm) f assignment A (nm) f assignment
2AP alone 290 0.131 .7'[2A|:\7T* 2AP 276 0.002 BAPJI* 2AP
2AP-T H-bonding, A-form DNA 319 0.002 ToapTT* T 304 0.130 TUoARTT® 2AP
2AP-T H-bonding, B-form DNA 316 0.003 TOoAPTT* T 303 0.130 TCoARTTY 2P

aBoth bases are in the optimized geometries of their ground states.
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Ficure 3: Orbitals involved in the first transition (top pair) and
second transition (bottom pair) of the complex in which 2-ami-
nopurine, in its ground-state geometry, is hydrogen-bonded to

thymine, as predicted by the TDB3LYP method. The first transition
is erroneously predicted to be of charge-transfer character.

|
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relayed here. Charge-transfer states should be characterized
by a long-range Coulombic potential (the attraction between
molecule A, Wh'Ch. is left .W'th a po.s'tlve charge, an_d Ficure 4: Orbitals involved in the first transition of a complex in
molecule B, which is left with a negative charge). As this which 2-aminopurine is stacked between two thymines as it would
stabilizing Coulombic interaction falls off with B/(where be in A-form DNA. The transition is oftz* character, and the
Ris the separation between molecules A and B), the energymain contribution to the transition is made by the top pair of orbitals
of the charge-transfer state should increase wif The which are located solely on the 2-aminopurine moiety. However,
f ch ¢ fer stat ted using th TDB3LYPa significant contribution to the transition is made by the lower
energy of charge-transier states computed using the pair of orbitals in which ther* orbital has a component on each
method increases only with ORbecause the functional does of the three bases, with th&T having the largest component.
not exhibit the appropriate long-range behavior. If the long- 2-Aminopurine is in the optimized geometry of its first excited state.
range behavior of the functional is corrected, then the
situation is greatly improved. For example, Kobayashi and the spurious charge-transfer state is ignored, the TDB3LYP
Amos (32) showed that, in contrast to experimental results method predicts that hydrogen bonding to thymine will red
(33), TDB3LYP theory predicts two low-lying charge- shift the absorption maximum of 2-aminopurine k%3 nm
transfer states for the phenylene-linked zincbacteriochtorin  but scarcely affect the oscillator strength for the transition.

bacteriochlorin complex (ZnBEBC) 0.45 and 0.29 eV Base Stacking in 2-Aminopurin€able 3 shows the results
below the first valence transition fer* transition on ZnBC). obtained at the CIS/6-31G(d,p) level for complexes in

The use of the Iong-range correqted functignal (CAM- " hich 2-aminopurine is stacked with a nucleobase above and/
B3LYP) corrects the ordering of excited states: the charge- or below it as it would be in doubled-stranded DNA. When

transfer states are now predicted to k& eV above the >_ami S ked with leob h
valencerz* transitions of both ZnBC and BC. In summary -aminopurine Is stacke W'.t one or more nucegbases, the
' ' wavelength for the absorption is shifted slightlyX to 7

although valence states are generally very well described . . . .

using gzhe TDB3LYP (more gccurate)(y Soy than the cis "M red-shifted), the extentdepenqllng upon both the identity

method that systematically overpredicts excitation energiesOf the base a_md the type Of. stacking (A- or B-form). In all
cases, the first transition is oftz* character; however,

and hence the excitation energies predicted require scaling), } : X
althoughzr and 7* orbitals of 2-aminopurine are always

the TDB3LYP method grossly underpredicts the energies of ¢ ) . -
charge-transfer states. Thus, the prediction of low-lying involved, orbitals with coefficients on more than one base

charge-transfer states by the TDB3LYP method should be @€ frequently involved. In the case of stacking with thymine
treated with extreme caution. [the natural nucleobase with the highest electron affirgt)](

In the case of 2-aminopurine hydrogen-bonded to thymine, OF cytosine, a contribution to the fluorescence transition is
the second transition predicted by the TDB3LYP method is made from promotion of an electron tom orbital that is
of zr* character and the orbitals that are involved are the spread over one or more of the other bases, as illustrated in
same orbitals as those involved in the first transition of Figure 4. In the case of stacking with guanine [the most
2-aminopurine alone. The wavelength of this second transi- readily oxidized natural nucleobas#], the transition often
tion is red-shifted compared to that of 2-aminopurine alone, involves the promotion of an electron fromraorbital spread
but the oscillator strength is virtually unchanged. Thus, if over both 2-aminopurine and guanine, illustrated in Figure

et s’
oy

k
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Table 3: Wavelengths and Oscillator StrengthsQalculated at the CIS/6-31G(d,p) Level for the First (lowest-energy) Transition of
Base-Stacked Structures (givens in the order froro 8) Containing 2-Aminopurine (2AP) Stacked with Thymine (T), Cytosine (C), Adenine
(A), or Guanine (G)

2AP in ground-state geometry 2AP in excited-state geometry
(relevant to absorption process) (relevant to fluorescence process)
structure A2 (nm) f assignment A% (nm) f assignment
2AP alone 315 0.334 JTZAPJT*ZAP 342 0.371 JTZAPJT*ZAP
2AP stacked with thymine
2APT, A-form 316 0.274 ﬂzAp?T*ZAPb 343 0.306 JTZAWT*ZAPb
T2AP, A-form 314 0.249 .7'[2Ap7T*2Apb 341 0.297 TToAPTT® 2Apb
T2APT, A-form 314 0.204 ﬂZAp?T*s'Tvap,Tg 341 0.246 TToARTT oAF°
ZAPT, B-form 317 0.285 .7T2AF&7[*2APVT 345 0.318 TUoAPTT® 2AP,T
T2AP, B-form 316 0.240 -7'[2AF\7'[*2AP 343 0.288 JTZAF\?T*ZApb
TZAPT, B-form 318 0.205 TToapTT* 5T,2AP,T3 345 0.249 TToARTT 2AF°
2AP stacked with cytosine
ZAPC, A-form 318 0.257 JTZAPJI*ZAp,c 345 0.302 JTZAPJT*zAp,c
CZAP, A-form 318 0.266 -7'[2AF\7T*C,2AP 345 0.306 -772AF\7'[*2AP,C
CZAPC, A-form 320 0.207 JtZApJT* ZApb 348 0.252 JtZApJT* 5'C,2AP,3C
ZAPC, B-form 319 0.289 .7'[2Ap7'[*2Ap_c 347 0.321 .7'[2Ap7'[*2Ap'c
C2AP, B-form 317 0.249 ToARTT® ¢ 2P 344 0.294 ToARTT® ¢ 2P
CZAPC, B-form 321 0.222 JTZAF\?T*s'QZAp'cg 349 0.260 -7T2AF\7T*5'C,2AP,C3
2AP stacked with adenine
ZAPA, A-form 319 0.217 .7'[2Apb.7[* 2Apb 346 0.274 JTZAF\?'[*ZApb
A2AP, A-form 317 0.208 ToApTT 2nP° 344 0.254 ToARTT 2nP°
AZAPA, A-form 320 0.135 .7'[2Apb.7t* 2Apb 347 0.189 J'[ZAWT*ZApb
2APA, B-form 318 0.208 ﬂzAp?T*ZApb 346 0.257 JTZAWT*ZApb
AZAP, B-form 319 0.215 J'[gApb][*ZAp 346 0.257 TUoAPTT® 2AP
A2APA, B-form 321 0.134 JTZAp?T*ZAPb 349 0.178 TToARTT 2AP
2AP stacked with guanine
2APG, A-form 317 0.231 .7'[2Apb7t*2Ap 343 0.282 TToARTT opP
GZAP, A-form 313 0.206 TToAPTT® 2AP 340 0.256 JTZApbﬂ*zAp
GZAPG, A-form 314 0.139 .7'[5'(3'2Ap,(33.7'[* 2AP 341 0.194 .7'[2Ap7'[*2Ap
2APG, B-form 318 0.207 JTZAFJT*ZAP 345 0.260 JTZAFA]T*zAP
GZAP, B-form 315 0.204 .7'[2Ap7'[*2Ap 342 0.254 .7'[2Apb.7t*2Ap
GZAPG, B-form 317 0.121 JT5'G,2Ap|(537T*2AP 344 0.176 JTZApbﬂ*zAP

2 All energies have been scaled by a factor of 0%7Phe main contribution to the transition is from an orbital mainly centered on 2-aminopurine,
but a small contribution is made from an orbital(s) spread over 2-aminopurine and one of the other bas€Bhenigain contribution to the
transition is from an orbital centered on 2-aminopurine, but a small contribution is made from orbital(s) spread over all bases.

transitions of the other nucleobases alone. The orbitals that
T are involved in the first (lowest-energy) transition are of the

. 7 type in all cases, but a contribution (often the major
' L contribution) is made from transition between orbitals with
“ coefficients on more than one base, rather than localized on

one specific base. The change in orbitals that are involved
is associated with a large change in the oscillator strength
for the first wa* transitions. When one pyrimidine base,
FiGURE 5: Orbitals which make the largest contribution to the first cytosine or thymine, is stacked above or below 2-aminopu-
transition of a complex in which 2-aminopurine is stacked between rine, the oscillator strength for the absorption process is
two guanines, as it would be in B-form DNA. The transition is of - qacreased by 1328% and that of the fluorescence process
zzr* character, but ther orbital is located on both theG and the by 13-21% When 2-ami . dwiched b
2AP moiety. 2-Aminopurine is in the optimized geometry of its 2Y 21%. When 2-aminopurine Is sandwiched between
first excited state. two pyrimidine bases, the oscillator strengths are reduced
by 33—39 and 36-34% for the absorption and fluorescence
52 In the case of adenine, when 2-aminopurine is in its processes, respectively. Stacking a purine base, adenine or

ground-state geometry both the and thez* orbitals  guanine, above or below 2-aminopurine results in a larger
involved in the firstzzr* transition are often found to have reduction in oscillator Strength for ther* transition: 31—

coefficients on both 2-aminopurine and one or both of the 399 reduction for the absorption process and-22%
adenines. In summary, calculations at the CIS level reveal reduction for the fluorescence process. Sandwiching 2-ami-
that the transitions between the grOUnd and first excited Statenopurine between two purine bases reduces the oscillator
of structures in which 2-aminopurine is base stacked with strength for the absorption process by-#81% and that of

one or more other bases, as it would be in DNA, are not the fluorescence process by-483%. Thus, unlike hydrogen
simply the sum of transitions of 2-aminopuurine alone and ponding, base stacking is predicted to significantly reduce
the oscillator strength for both the absorption process (and
2The spreading of molecular orbitals across more than one nucleo- hence the absorption coefficient) and the fluorescence process

base in base-stacked structures is well-known; for instance, when tWO(and hence the radiative rate). This result is in agreement
guanine moieties are adjacent in a base-stacked environment, the '

HOMO, although mainly on the'§uanine, has a component on both  With the experimental quk of Rachofsky et aBfj, who
bases and is lower in energy than the HOMO of a free guar@iBe ( reported that base pairing does not cause fluorescence
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Table 4: Wavelengths and Oscillator StrengthsQalculated at the Table 5: Wavelengths and Oscillator StrengthsQalculated at the
TDB3LYP/6-31+G(d,p) Level for the First and Second Transitions  CIS/6-3HG(d,p) Level for the First Transition of 2-Aminopurine

of 2-Aminopurine (2AP) Base-Stacked with ThymineqT) Deoxyriboside (2APdr) and 2-Aminopurine Nucleotide (2APdrp)
first transition second transition 2AP in ground-state 2AP in excited-state

1 1 geometry (relevant geometry (relevant to

to absorption process) fluorescence process)

structure  (nm) f assignment (nm)  f assignment

A2 A2
2AP alon 2 1 * 27 .002 * . .
T2AF?, ?A-?orm 3(?:;) QOSngig*iAp 298 8(1320 n'i’:fgﬂfgipb structure  (nm) f  assignment(nm) f  assignment
2APT, A-form 310 0.011 JTZApr'[* 2AP,T 296 0.091 JTZAPbﬂ*ZAP,T 2AP alone 315 0.334 moppt*onp 342 0.371 mmoapt* 2np
TZAP, B-form 302 0.001.7T2Ap7t*1' 292 0.103 ToARTT 2np 2APdr, A-form 315 0.391 TToARTT 2pP 343 0.430 TUoARTT® o8P
2APT, B-form 328 0.001moap* 1 294 0.107 moaprt* 2ap 2APdr, B-form 316 0.387 moapt*2np 343  0.424 m0oap7* 2np

aBoth bases are in the optimized geometries of their ground states.gﬁgg;p' g‘;g;m gig 8323 TIARTT" 2P 222 8288 TU2ARTT" 2P
bThe main contribution to the transition is from an orbital mainly P. ~50< ToART” 28R : TT2ARTL” 2AP

centered on 2-aminopurine, but a small contribution is made from an 2 All energies have been scaled by a factor of 0.72.
orbital(s) spread over both 2-aminopurine and thymine.

phosphate groups have only a very slight effect on the

quenching of 2-aminopurine whereas base stacking does. Thealculated absorption and fluorescence properties of 2-ami-
results indicate that the degree to which the oscillator Strengthnopurine_ The |owest_energy excited state predicted in each
for the fluorescence transition is suppressed by base stackingase was the fluorescentr* state located on the 2-ami-
depends both on the identity of the base with which nopurine residue only. The addition of the sugar moiety red-
2-aminopurine is stacked (purines always reduce the oscil-shifts the predicted absorption and fluorescence wavelengths
lator strength more than pyrimidines) and on the orientation very slightly. The oscillator strength for the fluorescent
of the bases above and below 2-aminopurine. For instance transition is increased by15% via the addition of the sugar,
when 2-aminopurine is sandwiched between two cytosinespyt the addition of the phosphate group to the nucleoside
as it would be in A-form DNA, the reduction in the oscillator  reduces the oscillator strength for the fluorescence transition
strength (38%) is greater than when 2-aminopurine is stackedto just 8% larger than that for free 2-aminopurine itself.
between two cytosines as it would be in B-form DNA (33%).  pyrrolocytosineThe results obtained at the CI1S/6-8G-
The converse is found in the case of stacking with guanine: (d,p) level when pyrrolocytosine is stacked between two
a much larger reduction in the oscillator strength (64%) for guanine units are given in Table 6, and results obtained at
the B-form structur€ G2APG' than for the A-form structure  {he TDB3LYP level are given in Table 7. Again, the
(58%). In the case of stacking with thymine or adenine, TpB3LYP method erroneously predicts low-lying states in
although the oscillator strength is reduced by base stacking.yhich an electron has been promoted from an orbital located
the reduction is insensitive to the nature of the stacking. g one base into an orbital centered purely on another base,

The results obtained at the TDB3LYP/6-86(d,p) level  although in this case the low-lying charge-transfer states
for complexes in which 2-aminopurine is stacked with predicted are higher in energy than the first, fluorescent,
thymine above and/or below it as it would be in doubled- transition. The CIS method predicts that base stacking will
stranded DNA are shown in Table 4. In general, the method significantly reduce the oscillator strength for ther*
predicts that the first transition is of charge-transfer character transition; however, no spreading of the molecular orbitals
while the second transition is a localized transition involving involved across more than one base is obser\/ed, and the first
orbitals of 2-aminopurine only. The exception is #2APT® transition in all cases involves a transition from an orbital
structure obtained from A-form DNA; in this case, both the |ocated almost exclusively on pyrrolocytosine to another
7 andzr* orbitals involved in the first and second transition  orbital located almost exclusively on pyrrolocytosine. The
are spread over both bases. The results of the TDB3LYP reductions in the oscillator strengths are slightly smaller than
calculations agree well with those obtained by Jean and Hall those encountered for 2-aminopurine. Stacking 2-aminopu-
(17), who carried out similar calculations and reported the rine between two guanines resulted in-®260% reduction
existence of low-lying charge-transfer states in base-stackedn the oscillator strength for the absorption transition and an
systems containing 2-aminopurine. However, as we have said~50% reduction in the oscillator strength for the fluorescence
above, the low-lying charge-transfer states predicted by thetransition; in the case of pyrrolocytosine, the reductions are
TDB3LYP method are merely an artifact of the method and ~43 and 38%, respectively.
should be disregarded. Tables 5 and 6 show the results obtained when the same

The second transition for structures in which 2-aminopu- system was studied at both the CIS/6+%3(d,p) and the
rine is stacked with thymine is predicted by the TDB3LYP CIS/6-31+G(d,p) levels. It can be seen that both basis sets
method to be very similar to the first transition of 2-ami- give essentially the same results. In both cases, the first
nopurine alone, involving the same orbitals (except for the transition is predicted to be afr* character and is localized
¥2APTS structure, as mentioned above) and occurring at a almost entirely on the pyrrolocytosine unit. The energy and
similar wavelength,~290 nm. In agreement with the CIS  oscillator strength for this transition are insensitive to the
calculations, a significant reduction in the oscillator strength addition of diffuse functions to hydrogens as well as heavy
is predicted for this transition to the $x* state, compared  atoms [i.e., in going from 6-3tG(d,p) to 6-3%+G(d,p)].
to the analogous transition of the free base. Both basis sets predict the existence of relatively low-lying

2-Aminopurine Nucleoside and Nucleotidée results of Rydberg states that are not predicted when the 6-31G(d,p)
the CIS calculations on nucleosides and nucleotides contain-basis set is use@4). The oscillator strengths associated with
ing 2-aminopurine (Table 5) confirm that the sugar and the transitions to these Rydberg states are not sensitive to the
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Table 6: Wavelengths and Oscillator StrengthsGalculated at the CIS/6-31G(d,p) Level for the First Transition of Pyrrolocytosine (PC)
Alone and Stacked between Two Guanine (G) Molecules, As It Would Be in DNA

CIS/6-3H-G(d,p) CIS/6-3%+G(d,p)
AP AP
structure (nm) f assignment (nm) f assignment
PC in ground-state geometry

PC alone
first transition 359 0.279 TPOTT* pC 358 0.279 TTPOTT* pc
second transition 314 0.001 329 0.001
third transition 291 0.003 302 0.002

G-PC-G, A-form
first transition 377 0.144 TPt pC 377 0.145 TP pC
second transition 342 0.001 356 0.001
third transition 308 0.004 322 0.004

G-PC-G, B-form
first transition 365 0.176 TpaTT* pc 365 0.172 TpaTT* pc
second transition 325 0.005 339 0.009
third transition 297 0.010 309 0.006

PC in excited-state geometry

PC alone
first transition 415 0.259 TPGTT* pC 416 0.256 TTPOTT* pc
second transition 339 0.008 357 0.009
third transition 312 0.003 327 0.002

G-PC-G, A-form
first transition 443 0.147 TPOTT* pC 443 0.146 TTPOTT* pc
second transition 377 0.001 395 0.001
third transition 336 0.008 352 0.006

G-PC-G, B-form
first transition 423 0.176 TPOTT* pC 424 0.174 TIPOTT* pc
second transition 356 0.005 371 0.007
third transition 321 0.005 335 0.005

aOnly valence transitions have been assigriesll energies have been scaled by a factor of 0.72.

Table 7: Wavelengths and Oscillator StrengthsQalculated at the TDB3LYP/6-31G(d,p) Level for the First and Second Transitions of
Pyrrolocytosine (PC) Base-Stacked with Guanine (G)

first transition second transition
A A
structure (nm) f assignment (nm) f assignment

PC in ground-state geometry

PC alone 352 0.073 TPt pc 284 0.000 AT pc

G-PC-G, A-form 376 0.031 TIpaTT* pc 318 0.003 TPAT* 56

G-PC-G, B-form 359 0.037 TPt pc 332 0.004 56,367 pC
PC in excited-state geometry

PC alone 406 0.072 TPt pc 299 0.001 AT pc

G-PC-G, A-form 446 0.032 TIpoTT* pc 352 0.005 TPAT* 56

G-PC-G, B-form 420 0.040 ﬂpc.?'[* PC 357 0.004 7[5'(5]{* PC

presence of the additional diffuse orbitals on hydrogen; constant for the fluorescence proceks,by egs | and I
however, it should be noted that the energy of the Rydberg (37):
states is reduced (by 0.10.19 eV) when the additional
diffuse functions are added. 1 64 nm 30t

ke = 4te s D W
DISCUSSION o 3nc

Comparison of the results obtained at the CIS and whereeo is the pe_rmitti_vity of free spacey is the refractive
TDB3LYP levels, and reference to the literature, show that Index of the mediumy is the frequency of the fluoresce,nce
the low-lying charge-transfer states predicted by the TDB3LYP transition (#~°Cis the expectation value of %), his Planck’s
method, and used to explain the quenching of 2-aminopurineconstantc is the speed of light in a vacuum, afis the
in a base-stacked environment, are not physically meaningful, Suare of the transition dipole moment. The transition dipole
The CIS method does not predict any low-lying charge- moment is related to the oscillator strendthy eq Il (38):
transfer states but does predict that the oscillator strength
for the transition from the fluorescentr* state (predicted D= 3ne? f ()
to be the first excited state in all cases by the CIS methods) 87r2meV
is decreased significantly when the fluorescent base 2-ami-
nopurine is involved in ar-stacked environment, but not wheree is the charge on an electron and is the mass of
when 2-aminopurine is involved in hydrogen bonding alone. an electron. As fluorescence is in competition with other,
The oscillator strengtH, can be directly related to the rate nonradiative processes, with a total rate coefficienkef
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2-aminopurine; e.g., for ti2APG® dinucleotide, the longest
lifetime measured was 8.5 ns, but this lifetime is still slightly
Kur shorter than that of 2-aminopurine alone, rather than slightly
2AP* — 2AP (2) longer. In summary, although the CIS calculations predict a
reduction in the oscillator strength for the fluorescent
transition, and hence a reduction in the fluorescence quantum
yield when 2-aminopurine is involved in a base-stacked
complex, the experimentally observed reduction in quantum

k,
2AP* —~ 2AP + h (1)

a reduction in oscillator strength would therefore lead to a
decrease in the value kf and a reduction in the fluorescence
quantum yield ¢r):

K yield and decrease in the excited-state lifetime can only be
b = _ (i explained if an increase in the nonradiative rate accompanies
ke + Kur the reduction in the fluorescence rate. A possible explanation

. o for the change in the nonradiative rate with base stacking is
Thus, the CIS method, by predicting a lowering in the value ¢ hase stacking either changes the potential energy surface
of the oscillator strength for the fluorescence transition upon ¢ ihe fluorescent Sstate so that efficient crossing from the
base stacking, does predict a reduction in the fluorescencesl state to the ground stategf$ possible in the base-stacked

quan;um yigld._The fluorescence quan;um yield of isolated oqe of changes the energy gap between the fluoresg#nt
2-aminopurine in neutral agueous solutions at room temper-S1 state and the Sstate, effectively a dark state. If the

ature is~0.66, and the quantum yield of the 2-aminopurine energies of the Sand S states were closer in the base-

riboside is almost identical, 0.69.68 @9, 40). The CIS  g¢50ked case than in the case of 2-aminopurine alone, then
method predicts that the oscillator strength for the fluores- oo stacking could facilitate internal conversion to the

cence transition of 2-aminopurine alone is 0.371, but only 4 orescent Sstate (note that the initially formed excited
~0.282-0.260 for 2-aminopurine base-stacked with guanine, ¢iaia has<6 kcal/mol of excess vibrational energy). The

2APG'. If the nonradiative processes were unchanged by ogijator strength for the transition between the ground state
base stackingk{r is unchanged), then the fluorescence 5. the g state is extremely low in all cases, and once in

quantum yield, calculated using eq Ill, would be O-@058, ¢ 5 state, the molecule will most likely return to the ground
considerably larger than the experimental data sUg¢8st  giate via a nonradiative route. Figure 6 shows the relative

12). In addition to this, a decrease in the valuekef as energies of the first 10 vertical excited states for 2-aminopu-
predicted by the CIS calculations, would lead to an increase (i, alone, 2-aminopurine stacked between the different

in the lifetime of the excited state; nucleobases, and 2-aminopurine hydrogen-bonded to thy-

1 mine. The energies have been adjusted so that the first excited
T= PR (%) state (the fluorescentz* state) is taken to be zero in all
F R cases. Figure 6 clearly shows that while no reduction in the

energy gap between the firgtr* and nr* states is observed,

the splitting betweenSand $ (a state of Rydberg character)
does decrease substantially when 2-aminopurine is base-
stacked with guanine, and to a lesser amount when 2-ami-
nopurine is base-stacked with cytosine, indicating that an
increased rate of internal conversion from 18 S is a
possible explanation for an increased nonradiative rate in

and this has not been observed experimentally. Experimental
determinations of the lifetime of the excited fluorescent state
of free 2-aminopurine vary between 2 and 125s1@3, 40—

42) with more recent values lying between 9 and 12 %s (
13, 40, 41). Using the values of Holfme et al. @0), a
quantum yield of 0.66 and aof 11.8 ns kg is found to be

5.6 x 10" s * andkyr to be 2.9x 10" s™L. The reduction in h ¢ ami . ked with ;
oscillator strength predicted for the fluorescence transition the case of 2-aminopurine stacked with guanine.

of the base-stacked systéAPG compared to that of free In the case of pyrrolocytosine, the CIS method again
2-aminopurine would lead to an increase in the excited-statepred'CtS a decrease in the oscillator strength for the fluores-

lifetime from 11.8 to~14—15 ns. if the nonradiative rate  C€Nce transition when pyrrolocytosine is base-stacked with

remained unchanged by base stacking. The experimentsg“""r“_nbe'OlThbe declreage n odscnlator s_trenhgthﬂwould, as
performed on dinucleotides and nucleic acid oligomers d€scribed above, lead to a decrease In the fluorescence

containing 2-aminopurine reveal that for each dinucleotide quantum yield when pyrrolocytosine was involved in a base-

or oligomer the excited fluorescent state has several differentStacked environment, in agreement with the available ex-

lifetimes, presumably depending upon the local environment penlmental data. As no experlmental determ|nat|or_1 of the
(e.g., degree of base stacking) of 2-aminopurine in the excited quoresqe_nt—state Ilfetlmg of pyrrolocyto;me or
complex. All the lifetimes are, however, significantly shorter structures containing pyrrolocytosine has been published, we
than that of free 2-aminopurine or 2-aminopurine riboside. cannot comment upon whether the observed fluorescence

Somsen et al. 5 have reported that for dinucelotides guenching is simply caused by a reduction in the oscillator

containing 2-aminopurine one excited fluorescent-state life- strength for the fluorescent transition or whether an increase

time for each dinucleotide studied is similar to that of free " the npnradiative rate also occurs with base stacki.ng. Itis
interesting to note that a larger gap between the first and
3The fluorescence quantum yield for dinucleotides containing second excited states is found when the energy manifolds
2-aminopurine were estimated in reéfsand 12 by obtaining the ratio of f_ree pyrrOIOCytos_me_are ComPared to that of structure; In
of the fluorescence signal obtained for the dinucleotide to that of free Which pyrrolocytosine is sandwiched between two guanine
2-aminoupruine in solution. As the absorption coefficient for the moieties, indicating that if fast ;Sto S crossing causes
dinucleotide is not the same as that of free 2-aminopurine, the quantumyaqyced fluorescence for systems in which 2-aminopurine
yields can be taken as lower limits, having said that the value reported . . -
for 52APG¥ was 0.0658) and 0.04 {2) relative to free 2-aminopurine, 1S base-stacked with guanine, the same should not be true

i.e., a 15-25-fold reduction. for structures containing pyrrolocytosine.
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Ficure 6: Manifold of excited states for the various complexes studied in this work. The energy of the first excited state (the fluorescent
mr* state in all cases) has been taken to be zero in each case. All energies were calculated at the#@&i@Blevel and have been
scaled by a constant factor of 0.72. If no assignment is given, then the state is of Rydmergabraracter.

In conclusion, we have studied the vertical transition pyrimidine bases. This reduction in fluorescence quantum
energies and oscillator strengths for transitions between theyield should, however, be accompanied by a slight increase
ground state and excited states of 2-aminopurine, complexesn the excited-state lifetime, and this has not been observed
in which 2-aminopurine is hydrogen-bonded to thymine, and experimentally, indicating that base stacking must not only
structures representative of 2-aminopurine and the otherchange the oscillator strength for the fluorescence transition
nucleobases (thymine, cytosine, guanine, and adenine) as thegut also open up other, nonradiative pathways. The nature
would be stacked in A- and B-form DNA. The excited-state of these nonradiative pathways is as yet unknown and could
properties of the complexes were studied using the CIS jnclude charge-transfer processes (our results show that only
method as problems with low-lying charge-transfer states charge transfer does not occur initially upon excitation of
make the TDB3LYP method unsuitable and more exact ab 2.aminopurine). Examination of the spacing between the
initio methods cannot at present be applied to such largeyarious excited states of the base-stacked structures reveals
systems. Using a simplified picture, where the geometry of 4t pase stacking significantly alters the nature of the states
the excited-state complex was taken to involve changes ingnq the spacing between them. In the case where 2-ami-
the geometry of the 2-aminopurine base and not the relativenopurine is sandwiched between two guanine moieties, a
positions of the bases in the complex or the geometries Ofsignificant decrease in the spacing betwegnasd $ is
the other nucleobases, the results suggest that hydrogen,, ant opening up the possibility of an increased rate of

bondmtg doefsznot have a.manljprdmfllée?ﬁe fcl)n the fluores,tcenqeinternal conversion from o the dark $ state and hence
properties of 2-aminopurine; indeed, the fluorescence ran5|-quenching of the fluorescence.

tion predicted for the complex is just that of 2-aminopurine ]
alone. In contrast, base stacking is predicted to dramatically N the case of another nucleobase, pyrrolocytosine, a
alter the nature of the fluorescence (and absorption) transi-Similar decrease in oscillator strength with the degree of base
tion, in that the orbitals involved in the fluorescence transition stacking has been observed, but in contrast to structures
are no longer centered purely on 2-aminopurine but have containing 2-aminopurine, there is no evidence thatsthe
components on the other bases as well. The magnitude oforbitals involved spread over more than one base in the case
the oscillator strength associated with the fluorescence of pyrrolocytosine and the gap between theaBd S states
transition decreases by up to 53%, thus reducing the expectedncreases slightly when pyrrolocytosine is base-stacked with
fluorescence quantum yield. The effect is most pronouncedguanine. The fluorescence of both pyrrolocytosine and
when 2-aminopurine is stacked with a purine base rather than2-aminopurine is significantly quenched in helical DNA, but

a pyrimidine base, indicating an interaction betweensthe there is insufficient experimental evidence available to date
orbitals, purines having a more extendedsystem than  to judge whether the nature of the quenching in the case of



9154 Biochemistry, Vol. 45, No. 30, 2006

pyrrolocytosine is likely to be the same as that for 2-ami-
nopurine.
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