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The photophysics of the sequence isomers d(TA) and d(AT) has been investigated at room temperature in 5x 107> M neutral
aqueous solution using pulsed ultraviolet excitation from the ACO synchrotron and detection by time correlation or gated
single-photon counting. Decay profiles of the emissions at 350, 400 and 460 have been analyzed both independently and globally by
reiterative non-linear least-squares fitting to models of two and three independently emitting species. No evidence has been observed
for excited-state reaction. Time-windowed spectra, both emission and excitation, have been collected for three time windows and
have been deconvoluted to give time-resolved spectra using the lifetimes resulting from the decay analyses. Spectra are separated into
two classes, with picosecond and nanosecond lifetimes, respectively. The picosecond spectra have the emission and excitation spectral
characteristics of mixed monomer (A and T) fluorescences and are assigned as originating from the unstacked fractions of d(TA) and
d(AT). The nanosecond emission spectra from d(TA) and d(AT) are both two-component, with A, ~ 350 and ~ 425 nm and
lifetimes of 2.3 and 6.1 ns, respectively. The time-resolved excitation spectra for the nanosecond emissions are quite different from
the isotropic absorption spectra of d(TA) and d(AT) but correlate with the anisotropic absorption for out-of-plane transitions
between stacked bases of co-crystals of 9-methyladenine and 1-methylthymine reported by Stewart and Davidson. The nanosecond
spectra thus represent the direct excitation and emission of stacked pairs of bases. These results provide no evidence for energy
transfer and are probably related to sequence-specific photo-adduct formation.
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Some time ago, when investigating the tem-
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poral behavior of the weak room-temperature flu-

Abbreviations: d(AT), deoxyadenylyl-3’,5'-deoxythymidylate orescence frpm a natural DNA_ (calf thymus), we
(dApT); d(TA), deoxythymidylyl-3',5’-deoxyadenylate (TpdA); obtained evidence for a long-lived (nanosecond)
DNPs, dinucleoside phosphates. emission [1]. As all the evidence available at that
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tique (LURE), CNRS and Université Paris-Sud, Bat. 209C,

F-91405 Orsay Cedex, France. Presented at the Third Con- vidual nucleic acid base chromophorcs had life-

gress of European Society for Photobiology, Budapest, times in the low (or sub-) picosecond range, this
Hungary, 27 August-2 September, 1989. suggested to us that we were observing an ex-
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cimer-type emission originating in the effects of
the geometry of base stacking on the electronic
states of the bases. The observation of a similar
lifetime emission from poly d(AT) supported this
assignment and opened the possibility that the
DNA emission may be originating from
(AT)/(TA) stacked pairs or from other AT se-
quences. These observations clearly indicated the
need for further systematic studies on the effect of
base stacking using simpler systems, and we now
report a study of a prototype ‘dimeric’ system
consisting of the sequence isomers d(AT) and
d(TA).

In aqueous solution at ambient temperatures
DNPs are well-known to exist in an equilibrium of
stacked and unstacked conformers. On excitation
of such a system the unstacked conformers will
tend to exhibit spectral characteristics of their
constituent ‘monomer’ chromophores (which do
not live long enough to form excimer states by
conformational re-ordering) while the stacked
conformers may already be in a spatial orientation
conducive to formation of an excimer-like state,
recognized by their emissions which are red-shifted
from the monomers and have nanosecond life-
times [2]. The total emission spectrum observed on
continuous excitation thus consists of overlapping
monomer and excimer-like components which
cannot be resolved without the input of other
independently determined parameters. Two ap-
proaches are currently being exploited. The first
utilizes the fact that monomer emissions are
strongly polarized at room temperature [3a,b] while
excimer-like emissions are rotationally depolarized
[4a,b], leading to the technique of polarization-re-
solved spectroscopy. Resolutions on this basis have
been reported for CpC {4a], CpA [5a] and ApC
[5b]. The second approach directly utilizes the
lifetime differences of the monomer and excimer-
like components in the more familiar technique of
time-resolved spectroscopy, based on the use of
pulsed excitation together with time-gated detec-
tion. Given monomer lifetimes in the range of less
than 6 ps and excimer-like lifetimes from 1 to 10
ns, an ideal excitation source for completely in-
strumental resolution of spectra should have a
clean pulse-width of approx. 100 fs (together with
a detector of picosecond resolution). The source

available to us, the ACO-based synchrotron at
LURE, Orsay, France, has a pulse-width of ap-
prox. 1.7 ns and this has two consequences for the
present work. First, the extraction of low nanose-
cond lifetimes from decay data and of time-re-
solved spectra from time-windowed spectra re-
quires extensive post-acquisition deconvolution of
data. Second, true monomer lifetimes are beyond
the resolution of the apparatus, which has a chan-
nel width of 78 ps; numbers for the fast (picosec-
ond) lifetimes which are given by the data analysis
(see section 3) are indicative only of the overall
stability (exciting beam + detection electronics) of
the experimental system. However, this does not
affect the validity of the separation of the time-
windowed spectra into fast (picosecond) and slow
(nanosecond) classes of components differing in
lifetimes by three orders of magnitude.

The pulse-width limitation of the ACO syn-
chrotron compared with sub-picosecond laser ex-
citation is offset by several other advantageous
characteristics among which we note the day-long
stability of the source and, most important for the
present work, the ease and wide-range of tunabil-
ity in the ultraviolet. We routinely scan excitation
wavelengths between 230 and 358 nm in ‘up-
down-up’ sequences of data accumulation, a range
of 15550 cm ™" at a rate of 26 cm™! /s, a capabil-
ity not available in any laser source. This capabil-
ity, in conjunction with time-windowed detection,
has allowed us to obtain time-windowed excita-
tion spectra which complement the more common
time-windowed emission spectra. This has ex-
tended considerably our ability to interpret the
photophysics of these systems.

In this paper we present results of three types
of experimental data: (i) Emission decay data at
various emission wavelengths. Global analysis of
this data on the basis of a two-exponential model
gives us effective lifetimes of the picosecond and
nanosecond classes of emissions. (ii) Time-
windowed emission spectra. Deconvolution of
these, using lifetimes obtained in (i), leads to
time-resolved emussion spectra of the picosecond
and nanosecond components. (iii) Time-windowed
excitation spectra which, deconvoluted in a similar
way, lead to excitation spectra of the same time-
resolved species.
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For both d(AT) and d(TA) the results from
these different experiments find a satisfactory ba-
sis for interpretation in the two-state stacked/
unstacked model. The picosecond species turn out
to have the emission and excitation characteristics
of the monomer chromophores A and T, con-
sistent with their origin in the unstacked fraction.
The excitation spectra of the nanosecond species,
however, are identical with the absorption spec-
trum of the layered co-crystal of A and T in the
direction between and perpendicular to the base
planes. The long-lived (nanosecond) emissions
must then have their origin in a stacked ground
state and hence should be classified as ‘excited
dimer’ rather than as ‘excimer’ or ‘exciplexes.’
These results constitute direct experimental evi-
dence that the nanosecond species originate from
absorption by the stacked fraction of the systems
and provides confirmation, 25 years after the first
report [29], that the stacking of the bases leads to
significant changes in their energy levels and tran-
sitions in addition to the hypochromic changes in
intensity.

2. Experimental

A full description of the ACO synchrotron ex-
citation facility at LURE has been given by Guyon
et al. [6]. A description of the SLM 2800 spectro-
fluorimeter and the associated photon-counting
electronics at the ultraviolet/ visible port has been
given in our earlier papers [1,2] while details of the
procedures for the collection of time-windowed
spectral data and decay profile data for the life-
times analysis are given in ref. 7. We point out the
use of a double monochromator in the excitation
beam. Fluorescence intensities showed no evi-
dence of non-linear effects.

Decay data for three emission wavelengths 350,
400 and 460 nm have been fitted to models of two
or three independent, exponentially decaying com-
ponents by reiterative convolution with the instru-
mental excitation pulse profile. Fitting is by non-
linear least-squares minimization using the
Marquardt algorithm, the goodness-of-fit criteria
being the visual randomness of the time distribu-
tions of the weighted residuals and their auto-cor-

relation function, together with the value of x°.
All data sets for a given system and set of condi-
tions have also been analyzed globally [8,9]. In all
cases a wide variety of initial values were used to
avoid false minima situations.

All spectra have been corrected for instrumen-
tal and beam parameters. Emission spectra have
been corrected for the wavelength-dependent re-
sponse of the emission monochromator and pho-
tomultiplier from 300 to 550 nm using factors
determined for p-terphenyl in ethanol by Privat,
Wahl and Brochon (J.-C. Brochon, personal com-
munication) based on the corrected spectrum of
Beriman [10]. The correction factors were de-
termined at 5-nm intervals and have been inter-
polated to 2-nm intervals for use with our data.
For excitation spectra corrections have been made
for the absorbance of the solutions at 2-nm inter-
vals over the range of exciting wavelengths down
to 230 nm using the method of Vigny and
Duquesne [11] and the wavelength variation of
exciting beam intensity at the position of the
sample has been obtained using solid sodium
salicylate deposited on a silica plate placed at 45°
to both excitation and emission axes.

For a fluorescing system consisting of indepen-
dent, exponentially decaying emitters with differ-
ent lifetimes, the impulse response function to a
delta excitation pulse can be written as

(M) =Y a (M) exp =1/,

showing that the system will exhibit wavelength-
dependent decay profiles and time-dependent
spectra. For a finite exciting pulse £(z), the actual
response function B(t') is then the convolution of
the impulse response function with the exciting
pulse profile.

I (A7) = X (o (X)- B,(1'))

= Za,(A) [ E(1)

xexp— (¢ —1) /7 dt

The observed spectrum at any instant in time is
thus a mixture of time-independent constituent
spectra a;(A), each weighted by its convolution
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integral B,(¢"). In practice the spectra are ob-
served over a finite time interval t'=u -t =uv,
the time window, and so the weighting coefficients
C,; | are integrals of B;(1") over this range.

Cli=[B(1") ar’
H

=[U[j:,E(t’) exp—{¢' —t)/r def di’

The time-windowed emission spectrum can then
be written as

L) 1E= Ea(V) G

or more simply as /;(A, j) =Xe,(A)- C; where j
indexes the various time windows (j=1 corre-
sponds to Ar’ =u - v; j=2 corresponds to v —
w, j=3 to w— x, etc.) so that C,; constitutes a
matrix of weighting coefficients. These coefficients
are evaluated for the specific time windows from
the decay functions using the lifetimes obtained
from the appropriate lifetime analysis. The time-
independent emission spectra, a;(A), are then ob-
tained from the experimental time-windowed
spectra I;(A,J) as

ak(}\) = Z{Dk{'ll(x)

where D, is the matrix inverse of C;;. As a matter
of terminology we note that the a(A) are the
‘decay-associated spectra’ (DAS) introduced by
Knutson et al. [12] and used to describe the behav-
ior of non-interacting individual species in mix-
tures (‘heterogeneity’). When excited-state reac-
tions occur then DAS may still be computed but
they no longer represent real emission spectra. For
situations such as this, Lofréth [13] has shown
how DAS may be converted to ‘species-associated
spectra’ (SAS) if an appropriate and correct model
for the excited-state reaction is available.

A more direct way of relating emission spectra
to ground states, and thus searching for hetero-
geneity in unknown situations, is to investigate the
excitation spectra which correspond to the time-
resolved emission spectra, the so-called ‘time-re-
solved excitation spectra’ for which we reported
the first examples in adenosine [14] and its deriva-

tives [7]. Time-resolved excitation spectra can be
extracted from time-windowed excitation spectra
by writing the impulse response function in the
expanded form

If(}‘ex’kem’t) = Zai(xex) 'ai()‘em) exXp ~ t/T:

where ¢ represents an absorption cross-section
and wavelength-independent quantities such as
species concentration and quantum yield are ne-
glected. Following the above treatment of exciting
pulse convolution and time-window effects then
leads to the excitation spectra corresponding to
time-resolved emissions.

In the present work the same three time
windows have been used for both excitation and
emission spectra, viz., 0-2.35, 2.35-4.70 and 4.70-
36.0 ns. All computations have been carried out
on a VAX 750 or an IBM PC/XT.

d(AT) and d(TA), purity greater than 99% by
TLC and HPLC, were obtained from Sigma and
were used as supplied. Solutions A4, < 1, corre-
sponding to concentrations of approx. 5 X 107> M
were prepared in neutral dilute buffer solution
(Tris, NaCl) at pH 7.2 and absorption spectra
were measured for each solution on a Cary 118
CX spectrophotometer.

3. Results
3.1. Decay kinetics

Time profiles have been fitted over the rising
part of the response so well as the decaying part in
order to provide extended goodness-of-fit criteria
and the data have been analyzed independently at
each emission wavelength as well as globally.

As expected, inspection of log plots of the
decays shows a single-exponential response func-
tion to be inadequate. Consequently, we have
analyzed the decay data using a bi-exponential
function with the results shown in table 1 and it
can be seen that a large fraction of the emission
(from 30 to 70%, depending on A_,) decays in the
nanosecond time range. The results are reasonably
self-consistent, as may be seen by inspecting the
percentage emissions obtained by independent and
global analyses.
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Table 1

Independent and global analysis for impulse response func-
tions

d(TA); A, =260 nm

}‘em(nm) fl a(%) Tl(ns) fia(%) 7'n(ns) XZ
Model: bi-exponential; independent analysis

350 701 0.055 299 5.00 1.80

400 47.0 0.049 530 4,20 1.51

460 30.8 0114 65.2 5.96 1.95
Model: bi-exponential; global analysis

350 69.3 0.0438 30.7 4.66 1.84

400 46.5 0.048 535 4.66

460 27.8 0.048 722 4.66

d(AT); A, =260 nm
Aem(om)  £1(%) n(ms)  f2(%) mns)  x?

Model: bi-exponential; independent analysis

350 62.4 0053 376 417 139

400 39.8 0103 602 3.84 1.99

460 30.2 0199 698 482 1.60
Model: bi-exponential; global analysis

350 632 0054 368 in 210

400 35.5 0.054 645 3N

460 24.3 0.054 757 3in

* f.: percent emissions, given by f, = (a;7, /L, ,7,)100.

Table 2

Tri-exponential response function analyses

The globally obtained lLifetimes for the nanose-
cond emissions of d(TA) and d(AT) are 4.7 and
3.7 ns, respectively, a difference which we believe
to be real and which we show later finds an
explanation in the spectral studies.

The independent lifetimes show an unwelcome
spread around the global values and the x? values
for the global analyses are not an improvement on
the independent values despite the decrease in
number of degrees of freedom. This is most prob-
ably due to the weakness of the emissions and the
low number of counts which we are able to collect
despite the considerable brightness of the ACO
source. A measure of the dimness of our system is
that the absorbance X quantum yield product A¢;
is approx. 10~ * while for tryptophan it is about
102 Consequently, while good lifetime data for
tryptophan systems can be collected in a few
minutes with flashlamp excitation [12,13] the data
presented and analyzed here take approx. 50 min
to acquire, not counting background and pre- and
post-flash runs. Longer exposures encounter prob-
lems of beam decay and increased risk of photo-
chemical degradation. Much higher counts (maxi-

Aem hH A n £ %) T 5 M) T x?
d(TA); A, = 260 nm, independent analyses

350 61.9 0.049 17.8 4.07 13.1 5.88 1.76
400 46.1 0.043 18.3 30 5.7 57 1.57
460 303 0.128 11.4 226 384 37 1.91
d(TA) A, 260 nm, global analysis

350 66.2 0.042 7.9 253 26.0 627 1.83
400 430 0.042 193 253 377 627

460 24.8 0.042 8.9 2.53 66.3 6.27

d(AT); A, 260 nm, independent analyses

350 55.3 0.036 15.3 1.96 29.5 6.37 1.27
400 18.1 0.077 31.2 141 50.8 6.67 1.36
460 243 0.116 18.2 1.77 57.5 6.63 1.77
d(AT); A_, 260 nm, global analysis

350 59.6 0.049 16.3 2.54 24.1 6.81 1.69
400 323 0.049 435 254 242 6.81

460 219 0.045 30.5 254 47.7 6.81

* f: percent emissions, given by f, = (a7, /T, a;7,)100.
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mum) are obtained using mode-locked frequency-
doubled laser excitation [15,16] at 290 nm, but
such arrangements are not capable of continuous
wide-ranging excitation-wavelength studies. In the
instances in which our results for other systems,
e.g., poly[d(GC)], can be compared with laser exci-
tation work, it is gratifying to note that we obtain
quite similar values of the parameters [32], indicat-
ing that our use of lower cumulative data counts
does not lead to serious inaccuracies.

In view of the results obtained for the time-re-
solved emission spectra (vide infra) it became of
interest to see how the decay results would re-
spond to analysis on the basis of a tri-exponential
response function. The resuits of such analyses are
given in table 2. In general, the effect is to split
the nanosecond lifetime into two components,
leaving the picosecond component unchanged
from the bi-exponential analysis. Consistency be-
tween the independent and global amalysis is
somewhat worse than for the bi-exponential model
and the x? values are only marginally better,
though this might be anticipated from the in-
creased number of fitting parameters. The signifi-
cant result from these analyses is that the global
nanosecond lifetimes for the sequence isomers are
very similar, at 2.53 and 6.27 ns for d(TA) and
2.54 and 6.81 ns for d(AT). The coincidence of the
shorter lifetimes is obviously fortuitous but it is
not unreasonable to suggest that the longer life-
times are identical within 4 10%. Standing alone,
the results of the tri-exponential lifetime analyses
could not be considered unequivocal evidence for
a three-component model of these systems. But it
will be seen that they are consistent with and
support the results from time-resolved spectra.

3.2. Time-resolved emission spectra

Based on the minimal two-component global
kinetic description of these systems, the decon-
volution of the observed time-windowed spectra
into time-resolved spectra gives the results shown
in figs 1 and 2 (all deconvoluted spectra are pre-
sented unsmoothed). The picosecond component
spectra for d(AT) and d(TA) are essentially identi-
cal, having A_,, ~ 320 nm and 1/2A_,, ~ 345
nm.
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Fig. 1. Time-resolved emission spectra for components with
lifetimes less than 100 ps; A, = 260 nm. (a) d(TA), (b) d(AT).

By contrast, the nanosecond spectra differ both
from the picosecond spectra and from one another.
The manosecond spectra, as well as being red-
shifted from the picosecond spectra, are much
broader (A%, ,, ~10800 cm™! vs ~4500 cm™!
for the picosecond spectra). Despite the noise there
is indication of some structure. Accordingly they
have been fitted by an unrestricted least-squares
Gaussian program, with the results shown in fig.
3a and b, the relevant parameters being given in
table 3.

Relative to the areas of the Gaussians the low
value of the residuals is noteworthy, indicating
that the noise is almost entirely random. The
resolution of each spectrum into two Gaussians
seems to constitute a good description of the data.
Although no attempt has been made to force a fit
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Fig. 2. Time-resolved emission spectra for components with
lifetimes in the nanosecond range. Optical parameters same as
in fig. 1. (a) d(TA), (b) d(AT).

to the same Gaussians for both d(TA) and d(AT),
the component Gaussians are very similar in posi-
tion and width in d(AT) and d(TA), differing
mainly in their relative intensities. Normalizing
the spectra so that the integrated intensity of
lower energy component I is the same in d(AT)

Table 3
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Fig. 3. Gaussian fits to fig. 2; the experimental points have
been connected; numerical parameters are given in table 3. (a)
d(TA), (b) A(AT).

and d(TA), then component II is twice as intense
in d(TA) as in d(AT).

3.3. Time-resolved excitation spectra

The spectra of the picosecond components of
d(AT) and d(TA) are quite similar to each other

Parameters of Gaussian® fitting to the nanosecond lifetime time-resolved spectra of d(TA) and d(AT)

Gaussian 1 Gaussian II

Ap (nm) o (nm) No. Ag (nm) o (nm) No. 2. residuals
d(TA) 425 63 10171 33 5967 100
&AT) 428 72 16291 36 4841 104

* Gaussians are taken in the form I(A) = No./ovm exp—((A — Ag)/0)>
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Fig. 4. Time-resolved excitation spectra of the fast (r <100 ps)
components. Comparison is made with the solution absorption
spectrum in each case. (a) d(TA), (b) d(AT).

and to the solution absorption spectra (fig. 4a and
b). The major difference between the two excita-
tion spectra lies below 245 nm where the d(TA)
spectrum fits the absorption quite closely while
the d(AT) spectrum shows a marked divergence.
Both excitation spectra are broadened relative to
their absorption spectrum on the low-energy side.

The nanosecond excitation spectra of d(TA)
and d(AT) are essentially superimposable (fig. 5a
and b). They bear no obvious relationship to the
isotropic solution absorption spectra and present a
most unusual aspect, having an almost linear in-
crease with decreasing wavelength from an onset
of approx. 310 nm. An assignment of these spectra
is presented below.

Discussion

4.1. Correlation of emitting states and fluorescence
lifetimes

In section 3 we have presented evidence that
time-resolved emission and excitation spectra can
be separated into two classes having lifetimes dif-
fering by three orders of magnitude. This sep-
aration is internally consistent in that the resolved
picosecond emission spectra of d(AT) and d(TA)
are identical (fig. 1) as are the corresponding
excitation spectra (fig, 3). This is in accord with
expectations based on the two-state stacked/
unstacked model in which the picosecond emis-
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Fig. 5. Time-resolved excitation spectra of the nanosecond

emission spectra. Comparison is made with the anisotropic

absorption spectrum of co-crystals of 9-MeA and 1-MeT

(Stewart and Davidson [29]; loc. cit.). The fit shown has not
been optimized. (a) d(TA), (b) d(AT).
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sion originates from the unstacked fraction which
consists of A and T in equimolar proportions in
both d(AT) and d(TA). This model also suggests
that the picosecond spectra consist of two very
fast components. Although resolution of these
spectra into separate A and T components is
obviously beyond the capability of our instrumen-
tation, these systems provide an interesting chal-
lenge for those with low picosecond instrumenta-
tion.

There is also clear evidence that the nanose-
cond class of emissions contains two components
(fig. 2 and table 3), and the question arises as to
whether these represent two independent states
with different lifetimes or whether the two states
decay with the same lifetime, characteristic of a
common precursor. To investigate this was the
motivation for carrying out the tri-exponential
response analyses reported in table 2. The signifi-
cant results from these are that d(TA) and d(AT)
have essentially identical =, values (2.53 and 2.54
ns) and 7; values (6.27 and 6.81 ns). This lends
support to the idea, arising from the Gaussian
analysis of the nanosecond emission spectra, that
d(TA) and d(AT) have the same or very similar
excited states which are produced in different
proportions. This model implies that the 7, ob-
tained from the bi-exponential analysis are the
weighted means of the true lifetimes. If the bi-ex-
ponential lifetimes are reasonably precise (so that
the difference between 4.7 and 3.7 ns is signifi-
cant) and if the Gaussian resolutions of fig. 2 and
table 3 are correct, then the weighted bi-exponen-
tial nanosecond lifetimes of d(TA) and d(AT) can
be resolved into lifetimes of states I and II (the
nanosecond component states, numbered in order
of increasing energy). The results of this, that
7(I)=2.3 ns and +(II) = 6.1 ns, are in substantial
agreement with the global tri-exponential lifetimes
analyses, and we conclude that lifetime and spec-
tral results are both consistent with the idea that
the same two independently emitting nanosecond-
lifetime states result from the excitation of d(TA)
and d(AT).

Few other lifetime and spectral studies relevant
to our systems have been published. Using a syn-
chronously pumped ring dye laser with intracavity
frequency doubling to 290 nm, Kobayashi et al.

[15a} have obtained an exciting pulse width of 5 ps
and have used this with a polychromator streak
camera/ multi-channel plate detector into an
SIT/OMA to determine the single-exponential
fluorescence lifetime of 9-methyladenine as 5 ps
[15b]). This is compatible with the assumptions of
this paper and their emission spectrum is similar
to our fig. 1. Exciting similarly at 290 nm with a 6
ps pulse and a 43 ps response function, Rigler et
al. [16a} have observed bi-exponential decays of
ATP with lifetimes of 290 ps and 4.17 ns, together
with an apparently single-component emission
spectrum with A ., ~ 400 nm. Poly d(AT) showed
a bimodal total emission spectrum with A ., ~ 330
and 410 nm and the decays were variously analyzed
as bi-exponential (7, =94 ps, r, =870 ps, x’=
2.1) [16b] or tri-exponential (90 ps, 870 ps and
8.64 ns, x?=2.0). No assignment of spectra or
correlation with lifetimes has been given. Both
ATP and poly [d(AT)} thus show complexities not
anticipated from the behavior of 9-methyladenine
and the d(TA)/d(AT) results presented here.

4.2. Excitation spectra for nanosecond emissions

We have found that the excitation spectrum for
the transition which excites the nanosecond emis-
sion coincides with the anisotropic absorption per-
pendicular to the molecular planes in the crystal
of the 1:1 hydrogen-bonded complex of 1-methyl-
thymine with 9-methyladenine [29]. This spectrum
is obviously incomplete, showing a continually
rising absorption from an onset around 300 nm to
the limit of observation at 230 nm (fig. 4). How-
ever, it is sufficient to demonstrate the absence of
any characteristics attributable to exciton split-
ting. Stewart and Davidson [29] suggest this per-
pendicular absorption may be due to normal n —
@ transitions in the adenyl group but it is not
obvious that this will account for the considerable
width of the transition (at least 8000 cm ™) or its
intensity (oscillator strength at least 2 X 10~2).

The crystal structure shows extensive vertical
stacking of T on T and A on A. For T stacking,
the C, = O carbonyl group of one T is directly
centered over the adjacent T, and for A stacking
the N, = C, group overlaps directly the pyrimi-
dine ring of an adjacent A. It is possible that
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vertical interactions rather than n —#* transi-
tions may be responsible for the observed absorp-
tion. Further work, both experimental and theo-
retical, is needed to elucidate the nature of this
transition, but regardless of this uncertainty the
correlation shown in fig. 5 is strong evidence that
the nanosecond emissions in solution are due to
the excitation of vertically stacked bases.

4.3. Assignment of nanosecond emitting states and
correlation with structures

The origin of the nanosecond emissions as re-
sulting from the excitation of stacked bases clearly
supports their assignment as excimer-like, or more
correctly excited-dimer emissions. That is, a true
excimer would have the same excitation spectrum
as the monomer whereas our emissions have the
same excitation spectra as the stacked bases. The
transition to stacked ground state then directs
attention to the relation of the d(TA) and d(AT)
nanosecond emission spectra to the extent of
stacking and stacking geometry in these isomers.

Information on the ground-state structures of
d(TA) and d(AT) is sparse. A crystal structure
(non-single crystal) has been reported for the
Et,N"* salt of T,dA [17] in which one TA is
related to the next by a left-handed screw transla-
tion and Hoogsteen hydrogen-bonding is invoked.
There is AA overlap, but no TT or AT overlap
and in this respect the structure may be compared
to that of the A /T co-crystals reported by Stewart
and Davidson [29] which has AA and TT overlap
but no AT overlap. No crystal structure has been
reported for d(AT). Single-crystal studies [18] on
the tetranucleotide d(pApTpApT) show a classical
Watson-Crick geometry in which ‘T is tightly
stacked on A but there is no stacking of A on T
within one molecule’ and the repeat unit is a
dinucleotide, the ‘alternating-B’ structure. Fiber
X-ray studies on poly[d(AT)] show it can adopt a
variety of forms [19] depending on the degree of
hydration, method of preparation, nature and con-
centration of excess salt, etc. Models to interpret
these data usually assume a right-handed helix
with Watson-Crick base pairing but Hoogsteen
pairing in a left-handed helix has been proposed
by Drew and Dickerson [20] while Gupta et al.

[21] suggest a left-handed helix with Watson-Crick
pairing.

For solutions, sequence effects have been re-
ported for NMR studies of d(TA) and d(AT) but
the shifts do not correspond to B, A or A" geome-
tries or a mixture of them [22]. More results are
available for poly[d(AT)]. 2D-NMR and NOE
studies [23] are mostly consistent with a ‘B’ struc-
ture but there is evidence for a dispersion of
chemical shifts, implying that slightly different
conformations can exist within the poly[d(AT)]
helix. Linewidths are larger than expected from T,
measurements, suggesting that these discrete con-
formational states are slowly interconverting. Evi-
dence from *'P-NMR shows two resolved signals
of equal area, indicating the existence of two
distinct alternating phosphodiester conformations
[24)], behavior which is more pronounced in the
presence of 1 M Me,N* [25].

In general, there is evidence for the existence
(and perhaps co-existence) of a variety of confor-
mations of A/T oligomers, both in solid and in
solution phase, leading to a different overlap of
the stacked bases. However, an extensive, detailed
description of the conformations, with particular
attention to base-overlap geometry and popula-
tion distribution, is not available for dilute aque-
ous solutions of d(TA) and d(AT). Consequently,
no direct correlation can presently be made be-
tween known conformations and emitting states.
However, the problem may be approached indi-
rectly by analogy with other systems.

The spectral behavior which we report here has
been observed earlier in polarzation-resolved
spectroscopy of CpA [5a] and ApC [5b] which also
produced two classes of spectra associated with
the stacked fractions of each isomer, a broad one¢
at A, 435 nm with o =50 nm and a narrower
one at A, ,, ~ 365 nm with ¢ ~ 35 nm. The
similarity of the position and width parameters to
those of d(AT) and d(TA) in table 3 is striking
and suggests we may be observing luminescence
consequences of the same sort of stacking behav-
ior. The stereochemistry of stacked (closed con-
former) forms of DNPs has been discussed thor-
oughly by Lysov et al. [26] who have taken into
the account the four possible combinations of
face/back orientations for the two nucleic acid
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bases in both right-handed and left-handed helical
geometry, giving eight types of base-stacking
geometries. By self-consistently fitting ultraviolet,
CD and NMR data, computing the energies of
conformers by the method of atom-atom poten-
tials [19] and transforming these results to a
room-temperature aqueous solution situation, they
have established the most likely major stacked
conformers, their geometries and population dis-
tribution at room temperature for ApA, ApC,
CpA and CpC [20]. Using this information, the
luminescence results for the AC /CA systems could
be accounted for if the low-energy transition I
results from excitation of a left-handed conforma-
tion, probably M, while the higher energy tran-
sition II results from excitation of the predomi-
nant right-handed conformation P® [Sa,b]. The
work of this group has not extended to the deoxy-
DNPs and so quantitative correlation with our
results cannot be carried out. Nevertheless, the
qualitative correlation between the r(A,C) and the
d(A,T) systems is so obvious that we feel justified
in proposing that the same conformational origins
may be in effect. This is in line with recent theo-
retical work [30] indicating that the alternating
double-helical poly[d(AT)] should be capable of
exsting in the left-handed Z-form and we note
that left-handed stacking of the AT pair has been
observed [31] in the crystal structure of
d(m’ CGTAn’CG). Furthermore, a pronounced
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dominance of a broad emission at A > 400 nm,
similar to emission I of d(TA) and d(AT), has
been observed for a Z-form oligomer, duplex
d(CG),, both in saturated solution and in crystal-
line form [32].

Comparison of the excitation and emission
spectra of the nanosecond species is of interest in
two respects. First, the pronounced lack of sym-
metry between excitation and emission implies a
considerable structural relaxation in the excited
state. Second, it draws attention to the spectro-
scopic origin of the two relaxed states. Are they
both produced from the same initially formed
Frank-Condon state, or does the act of absorption
produce two FC states which individually relax to
emitting states? The present work provides no
evidence allowing us to distinguish between these
probabilities as the excitation spectra (fig. Sa and
b) are only quantitatively different. These consid-
erations apply equally to both d(TA) and d(AT),
the situation being represented in fig. 6.

The differing relative intensities of I/Il in
d(TA) and d(AT) could be simply accounted for
on the basis of differential population of these FC
excited states from different stacking geometries
in the ground state. In the B or alternating-B
structures of DNA, sequence isomers such as
d(TA) and d(AT) exhibit quite different overlaps
of the chromophores [18,19], and it is not unrea-
sonable that such structures may have different

FC States

355 nm —
(23%) —

428 nm
(77%)

—_—

d(AT),

Fig, 6. Excited-state pathways for nanosecond states of stacked d(TA) and d(AT).
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emission spectra. However, the occurrence of two
emission spectra for each of the isomers requires
that each isomer exists in two stacked conforma-
tions, and as suggested above those may be the
right-handed B or alt-B and the left-handed Z
structures.

4.4. Implication for energy transfer and photochem-
istry

The possibility of energy transfer between the
major bases of DNA has often been discussed but
little experimental evidence is available. The re-
sults which we report here are relevant to several
aspects of energy transfer, namely, energy transfer
between unstacked bases, energy transfer from
unstacked bases to stacked bases, and energy
transfer between stacked bases.

The fast (<100 ps) time-resolved emission
spectra for d(TA) and d(AT), which we attribute
to emission from the unstacked bases, have indica-
tions of individual T and A emissions, particularly
in the d(TA) spectrum which is less noisy at the
maximum than the d(AT). If no energy transfer
occurs, then from the fractional absorptions of T
and A together with the quantum yields of fluo-
rescence, the spectrum (fig. 1) should be composed
of approximately equal proportions of T and A
fluorescence. Although this may be the case, the
resolution of this curve is not unambiguous; em-
pirically, it may also be construed to be mostly T
with a little A, or vice versa. So we can only
conclude that we have no evidence requiring the
occurrence of energy transfer between monomers,
but should it occur it can only be partial. Absence
of energy transfer between unstacked monomers
would not be surprising in view of dipole orienta-
tion effects, distance dependence and the lack of
overlap between emission and absorption spectra.

Concerning the stacked states, energy transfer
to them from the unstacked monomers can be
ruled out by the observed excitation spectra (fig.
5) for if energy transfer were to occur the excita-
tion spectra would be the same as the normal
(isotropic) monomer absorption for 100% transfer
and would have a weighted monomer contribution
for less than 100% transfer. In no way can the
observed spectrum be construed to contain any

monomer absorption. Energy transfer between the
stacked dimer states is ruled out by their indepen-
dent first-order decays.

The photophysics which we have investigated
here can be related to photochemical changes in
d(TA) and d(AT). Photolysis of d(TA) at 254 nm
leads to the formation of a cyclobutane-type pho-
toadduct between T and A, with bonding between
the C;=C¢ of T and the C; = C; of A [33]. The
reaction seems to occur at the singlet level as it is
not sensitized by acetone (a triplet sensitizer) and
would seem to require a very specific geometry of
the chromophores. Of particular interest is the fact
that the reaction is sequence-specific and does not
occur (or occurs much less efficiently) with d(AT).
If one of the excited states studied here is a
precursor to this photo-product, the sequence
specificity would suggest that it relates to state II
(Apax — 350 nm) as this is relatively twice as
abundant in d(TA) as in d(AT). Furthermore,
although the overall photochemical quantum yield
in d(TA) is approx. 7 X 107* [33a] referred to
total photon absorption, if only the specific ab-
sorption between the chromophore planes is re-
sponsible (as in our excitation spectra) then the
photochemical quantum efficiency of these pho-
tons is much higher (roughly by the ratio of the
in-plane and perpendicular absorption coeffi-
cients) at approx. 0.15. These considerations indi-
cate a potentially greater importance for this type
of photo-adduct formation in photobiology than
has previously been assumed.
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