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Position Dependence of 2-Aminopurine Spectra in Adenosine
Pentadeoxynucleotides
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The fluorescent probe/base, 2-aminopurine (2AP), has been incorporated into DNA pentamers that
otherwise contain only adenine, the base that has been shown to stack strongly with itself and with
the adenine mimic, 2AP. The probe base has been placed in each of the five positions in single
strands. Optical spectral shifts, energy-transfer efficiencies, and their respective temperature depend-
encies behave simply as a function of 2AP position: those quantities approximately double when
2AP is placed between two adenines, compared to 2AP at either end of the chain. Transfer efficiencies
of 80% (at 5°C) are measured for APAAA and AAPAA, 68% for AAAPA, while PAAAA and
AAAAP efficiencies are 52% and 46%, respectively (P � 2AP). The spectroscopic parameters are
therefore reliable measures of local DNA conformation that can be interpreted in a straightforward
manner in terms of interbase electronic interactions. Interactions of 2AP with nonadenine bases
have previously been shown to mostly be much weaker.
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INTRODUCTION

Measuring meaningful conformations of DNA
remains a challenging task, in spite of the advanced
capabilities of x-ray (and other) crystallography and multi-
dimensional magnetic resonance techniques. Although
important developments have taken place in time-resolved
versions of these techniques, procedures based on crys-
tallography and magnetic resonance are not routine or
widely available for determining transient structural
changes in DNA on arbitrary timescales.[1–14] Optical
techniques, on the other hand, have almost arbitrary time
resolutions, are nearly universally available in their steady-
state versions, but are limited in the molecular detail of

information obtained. The dominant modern application
of fluorescence probes in DNA has been sequencing—
the identification of base types and DNA fragment sizes
[15–21]. This identification is made possible by under-
standing the enzymology of DNA, however, not by
understanding the fluorescence spectroscopy of the DNA
probes. There is no DNA conformational information
obtained from measurements with such fluorescent probes
which, as a rule, disturb normal interactions of the DNA
with proteins.

Fluorescence of 2-aminopurine inserted at specific
DNA sites that interact with enzymes has been used in
a number of measurements to demonstrate the time course
and mechanism of protein–DNA interactions: protein-
induced helix melting, binding constants and kinetic rates,
temporal couplings between DNA binding base flipping
with the EcoRI DNA methyltransferase, helicase
activity, hammerhead ribozyme conformation, proof-
reading by EcoRI DNA methyltransferase, bacteriophage
T4 DNA polymerase, and DNA polymerase I (Klenow
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fragment). [22–38] These fluorescence measurements have
used a small number of parameters to quantitate interac-
tions and structural changes, primarily steady-state fluo-
rescence  intensity and steady-state and time-resolved
fluorescence and fluorescence anisotropy, sometimes cou-
pled with rapid-mixing techniques. Distinguishing dou-
ble- from single-stranded DNA, 2AP exposure to water,
and local mobility have also been accomplished in large
part from time-resolved measurements [39–46].
Measurement of DNA structural changes in the absence
of protein have, in addition to the above parameters, used
precision fluorescence excitation spectral shifts and the
variation of energy-transfer band amplitudes to determine
base-stacking interactions, helix melting, base exposure
to solvent and base mobility. Electron transfer in DNA
[47–51] has been studied using 2AP as an electron accep-
tor from guanine. [52,53] 2-Aminopurine has also been
used as a probe because of its mutagenic activity [54–59],
so this useful fluorescence probe must be used carefully.

Careful observation of 2AP fluorescence spectra
reveal three general classes of spectroscopic changes:
development of energy-transfer bands caused by inter-
action of 2AP with neighbors, spectral shifts, and intensity
and polarization changes. The fluorescence excitation
spectrum has proved to be sensitive to structural changes,
changing up to about 15 nm (300–315 nm). [43,44,60,61].
New fluorescence excitation bands in the 250–270-nm
region have been identified with energy transfer from
normal bases, because of the similarity to absorption bands
of the normal bases, accompanied by an emission spec-
trum like that of 2AP [60,62]. The shape and amplitude
of these transfer bands depend upon the neighbors of
2AP, with adenine neighbors having order-of-magnitude
larger amplitudes, with appreciable transfer over 3–4
adenines, unless interrupted by T,C, or G.

Positions and shifts of (direct) 2AP excitation spec-
tra depend upon the local sequence in which 2AP is
inserted [63]. G(2AP)C and C(2AP)G oligonucleotides
have relatively blue-shifted excitation spectra compared
to the 2AP free base. Hydrogen bonding of the (ground-
state) 2AP base with water and interaction with a neigh-
boring guanine seem to be the major causes of the bluer
excitation spectra, whereas strong base stacking favors
redder spectra and lower fluorescence yield [43,64–66].
The excitation band of 2AP free base is temperature
independent; those of (2AP)T, G(2AP)C, C(2AP)G, and
TT(2AP)TT shift about 0.35 nm/50°C (shift to the blue
as temperature rises); A(2AP)T shifts about 0.9 nm/50°C
rise, just rising to the position of the free base at high
temperature. On the other hand, the decrease of fluores-
cence yield with increasing temperature is smallest for
A(2AP)T, even compared to the free base. The dominant

interbase interaction when A neighbors 2AP appears to
be temperature-dependent stacking with accompanying
energy transfer, while in G- and C-containing trinucleo-
tides a temperature-independent interaction keeps the
2AP excitation spectrum blue-shifted. Evans has proposed
an intrastrand H bond, on the basis of the unusual
short-wavelength excitation spectrum of G(2AP)C and
preliminary molecular dynamics simulations, which show
the O6 of guanine can stabilize itself within hydrogen-
bonding distance of the NH2 of 2AP [67]. The effect of
double strand formation on spectral shift in these short
oligomers appears to be small compared to stacking
interaction effects [63]. No evidence for fluorescent
excited-state complexes (exciplexes) of 2AP with neigh-
boring bases (usually accompanied by a large red-shifted
emission) has so far been described [68,69].

Jean and Hall have recently used time-dependent
density functional theory to describe the excited and
ground states of dimers of 2AP with the four normal
bases, oriented in B-form orientations, and, in the case
of 2AP-T, also in the A-form [70]. They find that 2AP
fluorescence is quenched statically in 2AP/purine dimers
by significant ground-state mixing of the 2AP and (weakly
fluorescent) A or G orbitals, while 2AP/pyrimidine dimers
are quenched dynamically by rapid relaxation of the initial
excited state to a lower “dark” excited state. These results
are in general agreement with the observations [62] (and
this work) that efficient energy transfer occurs in DNA
oligomers with As on either or both sides of 2AP, and
that the efficiency is reduced as temperature increases,
breaking up the adenine-2AP stacks and eliminating the
ground-state orbital mixing. However, a more compre-
hensive treatment of this transfer phenomenon must be
done. Likewise, the stacking-induced orbital mixing is
consistent with the relative stronger temperature
dependence of fluorescence excitation spectrum of 2AP
with neighboring A [63] (and this work), with the spec-
trum of the oligomer shifting to that of the 2AP free base
at high temperature, where the stacking is eliminated. The
fact that Jean and Hall find that the 2AP/T dimer states
change in the A-DNA conformation, however, indicates
that the interpretation of spectra needs careful consider-
ation of the conformation or conformations involved.
Stated in a positive sense, measurement of oligomer
spectra and comparison with theoretical calculations
allows direct optical spectral determination of oligomer
local conformation, a goal of ours and other workers.

The present study examines in more detail the
behavior of the optical spectra of single-stranded PAAAA,
APAAA, AAPAA, AAAPA, AAAAP oligomers (P � 2AP
� 2-aminopurine), to determine the position dependence
of fluorescence spectra in adenine oligodeoxynucleotides.
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Addition of excess TTTTT complement to these strands
did not produce definitive evidence for double-strand
formation, though spectral shifts and energy transfer bands
could still be observed. We concentrate again, in this work,
on straightforward methodologies that can be used in any
laboratory equipped with a good fluorometer, performing
simple but precision data analysis on Excel spreadsheets
or virtually any modern, commercial graphing program.
The results are quite simple: spectra of oligomers with 2AP
at the end are substantially the same; spectra of oligomers
with an interior 2AP are similar to each other.

MATERIALS AND METHODS

2-Aminopurine free base was used as purchased from
Sigma Chemical Co. (St. Louis, MO, USA), while 2AP-
containing oligodeoxynucleotides were obtained from
Macromolecular Resources (Colorado State University,
Ft. Collins, CO, USA). The latter were provided purified
by reverse-phase liquid chromatography and characterized
by MALDI mass spectrometry. Our own (unpublished)
NMR measurements of oligomers obtained for previous
work show very low levels of impurities, allowing col-
lection of high-quality proton 2D NMR spectra. Samples
were dissolved in 20 mM pH 7.3 Tris-Cl buffer contain-
ing 100 mM KCl and 0.1 mM EDTA. Single-stranded
concentrations were approximately 15–20 �M for fluor-
escence measurements. Single-strand concentrations can
be found from the 260-nm extinction coefficients of
Puglisi and Tinoco [71], with extinction coefficients of
2AP-containing strands from Xu and Nordlund [62].
The needed dimer extinction coefficients are �260(AP) �
�260(PA) � 8.13 � 103 M�1� cm�1. The resulting strand
extinction coefficients are �260(PAAAA) � �260(AAAAP)
� 52.1 � 103 M�1� cm�1; �260(APAAA) � �260(AAPAA)

� �260(AAPAA) � �260(AAAPA) �54.6 � 103 M�1�
cm�1; �260(TTTTT) � 42.8 � 103 M�1� cm�1. The
concentration of a strand containing a single 2AP can
also be quickly approximated from the 305-nm absorbance
of 2AP, using �305 � 7.2 � 103 M�1� cm�1.

Absorption spectra and melting determinations were
measured with a Response II spectrophotometer
(Gilford/Corning, Walpole, MA, USA) with built-in,
computer-controlled thermoelectric temperature con-
troller, using 1.0-nm bandwidth and 1.0-cm path length
cuvets. Spectra were transferred to a PC and imported
into an Excel spreadsheet for further analysis and plot-
ting. Fluorescence spectra were measured with a
Fluoromax 2 fluorometer (SPEX/ISA, Inc., Edison, NJ,
USA), in 0.3- � 0.3-cm cuvets, typically using 3.0-nm
excitation and emission bandwidths and recording in
2-nm steps. Temperature was controlled by a Neslab
RTE-5DD circulator (Newington, NH, USA). Sample
versus bath temperature calibration was done by placing
a thermistor probe (Omega, Stamford, CT, USA) in a
water-filled cuvet and measuring both temperatures.
Spectra were recorded in their raw form, with spectro-
meter correction files (reference beam intensity) stored
separately for later correction, along with factors cor-
recting for sample absorbance.

DATA ANALYSIS

Concentrations of these short oligomers (Table I)
were kept high enough (at least 10�5 M) so that single-
strand results can later be compared to duplex DNA meas-
urements. The resulting absorbance in the 250–270 nm
region produces moderate reduction of the excitation beam
through the 0.30-cm excitation beam path, thus reduc-
ing the relative fluorescence excited by 260-nm light

Table I. Optical Parameters and Oligomer Conditions

Energy transfer
efficiency

� Concentration used ��/50°C (% at 5°C,
Oligomer (M�1�cm�1) (�M) 	* (nm/50°C)† �ex � 254 nm)

PAAAA 52,100 21 21.4 1.20 52
APAAA 54,600 22 20.8 3.03 80
AAPAA 54,600 16 20.4 2.62 80
AAAPA 54,600 16 20.6 2.29 68
AAAAP 52,100 19 22.0 1.36 46
TTTTT 42,800 NA NA NA NA

*�l � 	�I. Units: nm/unit fractional, normalized intensity difference. Errors approx 
0.3. 	 is sensitive to the shape of the spectrum, but here
plays no role other than to assist in precise determination of spectral shift with temperature.
†Shift of direct 2-aminopurine excitation band with temperature.
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compared to 310–320-nm light, where the sample
absorbance is an order of magnitude less. However, in
quantifying the shift of the 310-nm band, high absorp-
tion is not a problem and we find it more prudent to ana-
lyze raw spectra, rather than corrected spectra, which
contain additional noise resulting from the correction
process. We employ a difference method, previously
described [63], to quantify fluorescence excitation spec-
tral shifts and shape changes as a function of temperature.
A reference spectrum, the high-temperature limiting
spectrum, is subtracted from the spectrum at each tem-
perature, T, after all spectra are normalized at the (direct)
excitation peak of 2AP in the DNA being measured.

Fluorescence Spectral Shifts

The shift found by this method is relative to the
reference spectrum, which, in the high temperature limit,
would be expected to approximate that of the 2AP free
base. If the peak or centroid of the reference spectrum
is obtained, the relative shifts can be converted to
absolute shifts. If spectral changes are small and the
change is a pure shift, �� � 	*�I, where 	 is the slope
of the wavelength shift vs maximum difference spectral
amplitude �I. Values of 	 are tabulated in Table I.
Values of 	 found previously for deoxyoligomers
ranged from 27.2 to 30.3 nm per unit difference spectral
amplitude. [44] The lower values in this work reflect
the present direct treatment of spectra versus wave-
length, rather than versus wavenumber and the different
spectral shapes resulting from analysis of uncorrected
spectra.

Formation of Double-Stranded DNA?

Short oligomers, especially those consisting entirely
of adenine, do not readily form double helices, because
of the small number of potential base pairs and the lesser
stability of A-T hydrogen bonds compared to those of
G-C. An estimate of the Tm of 2AP-containing DNA
can be made by assuming that 2AP neither forms a base
pair nor inhibits adjacent bases from pairing, for exam-
ple APAAA/TTTTT is equivalent to AAAA/TTTT.
Melting temperatures for a AAAA/TTTT were 8°C, 12°C,
and 19°C for TTTTT concentrations of 50, 100, and 300
�M, respectively, using the Pasteur Institute web site
calculator (bioweb.pasteur.fr/seqanal/interfaces/melt-
ing.html), with Breslauer theory and Santa Lucia salt
correction [72]. (Calculations using some other algorithms
gave significantly lower Tm values.) With a concentra-
tion of 300 �M TTTTT, fluorescence measurements
extending down to the 250–280 nm region are simple to

perform but more difficult to correct because of the large
absorbance of excess TTTTT. We clearly observe energy
transfer, but the apparent amplitude of the energy trans-
fer peak is somewhat reduced because of high absorbance
of the sample at 260 nm. The temperature-dependent
absorption spectra of these A-T oligomers do not show
clear evidence for ds formation. The strand shortness
ensures cooperativity is low; furthermore, the absorp-
tion changes in the 240–280 nm region are neither simple
hypochromism nor spectral shifts, preventing quantita-
tive analysis of the fraction of double-strand formation.
The spectral changes of the 2AP-containing strands and
the TTTTT complement individually show changes com-
parable to those in the double strand. The Tm estimates
above suggest double strands are formed, at least below
about 10°C, but the spectroscopic evidence is unclear.
We therefore postpone double strand studies to oligomers
with more clearcut melting curves.

Energy Transfer

After ensuring that the emission spectrum is char-
acteristic of 2AP at all excitation wavelengths, energy
transfer can be demonstrated if an excitation band char-
acteristic of a donor molecule is observed. In the pres-
ent case, the development of an excitation band in the
250–270 nm region, where the isolated 2AP free base has
an absorption minimum, shows energy transfer from ade-
nine to 2-aminopurine. The transfer efficiency �t from
donor to acceptor can be calculated as [62]

(1)

where F(�cx) is the fluorescence intensity of the oligomer,
excited at wavelength �ex, Fa(�ex) is the fluorescence
intensity of directly excited energy acceptor (2AP);
Aa(�ex) is the absorbance of energy acceptor (2AP); and
Ad(�ex) is the absorbance of energy donors (normal bases
in DNA). In this equation, Aa(�ex) and Fa(�ex) must be
measured from 2AP deoxynucleoside (dns), multiplying
the latter intensity by the ratio �0(2AP-dns)/ �0(2AP in
oligo) to account for the yield difference between the
two samples. An approximation that does not require
separate measurement of Fa(�ex), but that assumes there
is no absorption spectral overlap between donor and
acceptor [73], is

(2)

where �d is a wavelength where only the donor (adenine)
absorbs, �a is the excitation wavelength maximum of the

�t(�d) �
F(�d)11 � 10�A(�a) 2
F(�a)11 � 10�A(�d)2

�t(�ex) �
A˛˛a(�ex)

A˛˛˛d(�ex)
c F(�ex)

Fa(�ex)
� 1 d
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acceptor (2AP), F(�) is the measured fluorescence when
excited at �, and it is assumed the donor does not absorb
at �a. In oligonucleotides that contain the acceptor 2AP,
the absorbance of the donors (normal bases) overlaps the
absorbance of acceptor to a minor extent. The absorbance
of the acceptor Aa(�a) can be directly read from A(�ex)
of the oligomer. An energy-transfer spectrum can be
plotted by calculating �t at all wavelengths where the
2AP absorption does not appreciably overlap that of
the normal bases, that is from about 250 to 280 nm. Where
2AP absorption dominates that of the normal bases, naive
use of Eq.(2) (donor and acceptor both 2AP) will give,
in fact, a measure of the excitation wavelength depend-
ence of the 2AP quantum yield. Previously, only moderate
excitation wavelength dependence was found for the
efficiency [61].

In contrast to the spectral shift analysis, energy-
transfer determinations must use corrected spectra, because
they rely directly on the ratio F260/F310. We correct ss
spectra for excitation beam attenuation using the method
described in Nordlund et al. [73], by multiplying the meas-
ured fluorescence intensity at each excitation wavelength 

�ex by the approximate factor CF�

An even larger effect, however, is the correction
for spectrometer optics (reference beam channel plus
software corrections coming from spectral standards,
reflecting excitation beam intensity versus wavelength,
diffraction grating, and detector and other component
wavelength dependence). After all correction factors
are included, our fluorometer sensitivity is roughly
3.8 (3.1) times lower at 266 (270) nm than at 310 nm.
Calculated transfer efficiency is directly proportional
to this relative sensitivity factor; thus the reliability of
the correction is critical. We therefore measured the
correction factor two independent ways: (i) from the
standard, front-face excitation spectrum of concentrated
rhodamine B in ethylene glycol [74] and (ii) from meas-
urement of the low-concentration excitation spectrum
of rhodamine B and the corresponding absorption spec-
trum. In the latter case, because the quantum yield is
independent of excitation wavelength, calculation of
the quantity (1–10�A(�))/F(�) at each wavelength pro-
vides a relative correction factor at each excitation
wavelength. These two ways of determining the fluo-
rometer excitation-wavelength-dependent correction
factors differed from each other 1–8% in the region of
interest. The largest differences are observed in wave-
length regions on the steeply sloping sides of the
rhodamine excitation peaks, where relative wavelength
calibration errors between the absorption and fluores-
cence spectrometers cause larger deviations. We used

2.303*A(lex)

1 � 10�A(lex)

Fig. 1. Absorption spectra versus temperature. (a) and (b), PAAAA;
(c), AAPAA. Temperature range 5–45°C, bottom to top, spaced equally
in temperature. Absorption experiments used 1-cm path length cuvets,
fluorescence measurements, a 3-mm cuvet.

the standard front-face correction file (method I) for
calculation of transfer efficiencies.

RESULTS

Absorption Spectra

The temperature-dependent absorption spectrum of
PAAAA and AAPAA, shown in Fig. 1, are typical of the
ss pentamers containing one 2AP, with a peak corresponding
to adenine near 257 nm and one to 2AP at 305–312 nm.
The peak for 2AP in the latter oligonucleotide is farther to
the red, because of its greater stacking with adjacent bases
and less exposure to water and potential H bonds, consis-
tent with previous observations.[43,44,60,62,63] A plot of
A(260 nm) versus T for PAAAA shows a roughly linear
absorption increase of about 9.0% per 50°C temperature
rise; that for AAPAA rises 7.9% per 50°C. A shift of the
2AP peak to shorter wavelength as temperature increases
is also observed, as has been pointed out previously.
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Fig. 2. Fluorescence excitation spectra versus temperature, PAAAA.
(a) Raw spectra; (b) difference of normalized spectra. The reference
spectrum is that measured at 50°C. The spectra of AAAAP are almost
identical. Temperature range 5–50°C, top to bottom, spaced equally in
temperature.

Fig. 3. Fluorescence excitation spectra versus temperature, AAAPA.
(a) Raw spectra; (b) difference of normalized spectra. The reference
spectrum is that measured at 50°C. The spectra of APAAA and AAPAA
are almost identical to that of AAAPAs. Temperature range 5–50°C,
top to bottom, spaced equally in temperature.

Fluorescence Spectra

The fluorescence excitation spectrum of the PAAAA
oligomer has a simple temperature dependence (Fig. 2).
The spectra of the AAAAP oligomer (not shown) are almost
identical to those of PAAAA, showing that the 5
 versus
3
 end location has little spectral effect. The spectrum of
the directly excited base in the 290–330 nm region shifts
to shorter wavelength and reduces its intensity as tempera-
ture increases. Simultaneously, an energy-transfer band in
the 250–280 nm region (where adenine absorbs) decreases
in amplitude. Both of these effects are clearly shown in the
difference spectrum in Fig. 2b. The 290–340 nm spectral
derivative-like shape is characteristic of an almost pure
spectral shift. This difference spectrum is calculated by first
normalizing the spectra at the peak of the 310-nm band;
thus the decrease of the intrinsic 2AP fluorescence yield is
removed. If the far-UV band simply scaled in amplitude
with the 310-nm band, no difference peak would be evident
at 260–270 nm. Obviously, the latter band has a much
stronger temperature dependence. As will be shown later,
application of spectral correction to this region shows the
260-nm amplitude is even larger than is apparent in Fig. 2.

The AAAPA oligomer shows the same spectral
changes with temperature as PAAAA and AAAAP, but
all effects are about a factor of two times larger (Fig. 3).
Spectra of APAAA and AAPAA (not shown) are almost
identical to those of AAAPA, showing that the interior-
base excitation spectrum and its temperature dependence
depend only weakly on position in the oligomer, as long
as the location is not at the end.

The temperature dependences of the 310-nm excita-
tion bands for all five oligomers are shown in Fig. 4. The
shift of all spectra is to shorter wavelength as temperature
increases and is close to linearly dependent on tempera-
ture in the 5–50°C range. The slopes of the lines for PAAAA
and AAAAP, 1.20 and 1.36 nm/50°C, are very close to
a factor two smaller than those of APAAA, AAPAA, and
AAAPA, which are 3.03, 2.62, and 2.29 nm/50°C,
respectively (Table I). The gradual decrease of the tempera-
ture dependence as the interior 2AP base is moved toward
the 3
 end is apparently real, however, as the estimated
errors in slope are about 3%.

An example of a fully corrected fluorescence excit-
ation spectrum (Fig. 5) shows two major facts: (i) the
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Fig. 5. Corrected fluorescence excitation spectra of PAAAA from 5
to 50°C (solid lines, top to bottom). Raw recorded fluorescence inten-
sities (cps) were corrected for high absorption and for spectrometer
factors (excitation intensity, gratings, and other optics, etc.) and then
normalized at the �310–nm peak. If transfer were 100% efficient, the
excitation spectra would coincide with the normalized absorption prob-
ability spectrum (line plus points).

Fig. 4. Shift of the �310-nm, 2AP direct excitation fluorescence band
versus temperature. The shift and its temperature dependence is close
to a factor two larger when 2AP has adenine on both sides, as compared
to one side: PAAAA, 1.20 nm/50°C; AAAAP, 1.36 nm/50°C; APAAA,
3.03 nm/50°C; AAPAA, 2.62 nm/50°C; AAAPA, 2.29 nm/50°C;
errors 
3%.

amplitude of the 260-nm band is much higher than in the
raw spectrum, and (ii) both spectral positions are farther
to the UV. Although this correction has little effect on
the spectral-shift calculations, which are all relative to a
reference spectrum, it does affect the absolute spectral
positions and (especially) the absolute heights of the
bands. These corrected spectra are similar to those in
Xu et al. (Fig. 5) [62] on a AAAAPAAAAA DNA
decamer. The latter spectra show somewhat more struc-
ture in the 240–270 nm region, but we do not presently
attach significance to these differences, because they were

recorded on a different fluorometer in the most difficult
spectral region and because the particular Xu et al. spec-
trum shown is not corrected for sample absorption. (Their
later calculations corrected for this.)

Energy transfer

The percentage of energy transfer in the low-
absorbance limit Eq. (2) can be seen to be 100% if the
ratio of the 260–310 nm excitation peaks is the same as
that ratio of a absorption probability spectrum calcu-
lated as (1–10�A(�)).

PAAAA and AAAAP

A quick comparison of the peak ratios (255–260 nm
to 305 nm) for the absorption probability spectrum
(1–10�A(�)) and excitation spectra of PAAAA in Fig. 5
gives an estimate of �t(260 nm) �50% at 5°C; a more
exact calculation gives 52 
 5%, where the uncertainty
is obtained from estimates of the spectral correction uncer-
tainties and of nonzero overlaps between absorption bands
of donor and acceptor at 260 nm and 310 nm (Table I).
The transfer efficiency in AAAAP is 46%, somewhat
lower that in PAAAA.

APAAA, AAPAA, and AAAPA

The fluorescence excitation spectra of these
oligomers are similar, indicating that transfer is similar
in all. However, transfer in these oligomers, 80%, 80%,
and 68%, respectively, is significantly higher than in
PAAAA and AAAAP, 51% and 46%. This can be
explained by the number of As directly adjacent to the
energy acceptor, 2AP. In APAAA, AAPAA, and AAAPA,
two As are adjacent; in PAAAA and AAAAP, only one
is. This is consistent with decrease of A → 2AP trans-
fer with increasing distance of donor to acceptor base,
reported in Xu et al. [62]. These efficiencies can be
compared to the value of 46 
 5% of Xu et al. [62], for
transfer in the AAAAPAAAAA oligomer at 5°C.
However, in the longer oligomer, the efficiency may be
expected to be lower than that in the pentamers, because
the average distance of As from 2AP is greater.4 If bases
removed from P further than 2 do not transfer at all

4What we call the “total” transfer efficiency can also be thought of as
the “average” transfer efficiency from all bases that absorb at the donor
wavelength, 260 nm. We would expect A bases farther from 2AP to
transfer energy less efficiently than those closer; thus a longer oligomer
would, a priori, be expected to have a lower “total” or “average” trans-
fer efficiency.
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Fig. 6. Energy transfer spectra of single strands at 5°C. Above 280 nm,
direct 2AP excitation distorts the calculated transfer. The apparent effi-
ciency goes above 100% near 300 nm because the curve in this region
of direct 2AP excitation actually reflects the relative quantum yield,
which was normalized to 1 at the 2AP peak in the 305–312 nm region.

(assume symmetry in direction), then the efficiency of
AAAAPAAAAA compared to AAPAA would be
�(AAAAPAAAAA) � (4/9)�(AAPAA) � (4/9)(80%) �
36%; if further than 3, then �(AAAAPAAAAA) �
(6/9)(80%) � 53%. However, in view of the large cor-
rection on � imposed by fluorometer correction factors
and the two different fluorometers used, as well as the
mild sequence dependence of h (e.g., AAPAA and
APAAA vs. AAAPA), the agreement should be consid-
ered tentative.

Wavelength Dependence of �

Plots of the ratio of the corrected, normalized excit-
ation spectra to the excitation probability spectrum in Fig.
5 produce an energy transfer spectrum (Fig. 6). The region
of validity of these spectra is about 250–280 nm, or until
the 2AP direct excitation probability is appreciable. These
spectra suggest that transfer is somewhat more efficient
at shorter wavelengths, especially for the PAAAA and
AAAAP. In the region from about 295 to 325 nm, where
2AP absorption dominates, this calculated plot assumes
2AP is both donor and acceptor. The value gives the
photon emission probability divided by the absorption
probability; thus the 300 to 330 nm really shows the
excit-ation wavelength dependence of the fluorescence
quantum yield, normalized to 1 at the peak of the 2AP
excitation excitation peak in the oligomer. The data sug-
gest a wavelength dependence of the quantum yield,
with somewhat higher values at shorter wavelengths.
The erratic behavior beyond 330 nm may be due to the
small excitation probability and the likelihood that the

wavelength dependence of the two detection systems,
absorption and fluorescence, are not, in fact, identical.

DISCUSSION

The position dependence of fluorescence properties
of 2AP in adenine-containing DNA pentadeoxynucleotides
is quite simple, to a first approximation: the primary prop-
erties depend on whether 2AP has one or two adenine
neighbors. The shift of the excitation spectrum and its
temperature dependence in single strands is twice as much
in APAAA, AAPAA, and AAAPA as in PAAAA and
AAAAP; the energy-transfer efficiency in the former
oligomers is roughly 1.5 times that of the latter. These
two spectral properties provide convenient spectral “han-
dles” on the environment of the 2AP. The shift is small,
but can easily be measured using difference techniques,
even in the presence of a large excess of nonlabeled DNA.
Energy transfer provides a 2AP fluorescence excitation
band whose temperature dependence is much greater than
that of the direct excitation band, a band that is unique
to 2AP neighbored by adenines and is sensitive to adenine
stacking over distances of several bases. (Transfer from
C, T, and G to 2AP is an order of magnitude less efficient
[62], though we have recently observed efficient trans-
fer from G to 2AP, but only when 2AP is at the 3
 end
of a G strand: GGGGP [75].) This transfer band could
be used, for instance, for real-time monitoring of the
cleavage of an adenine base near a 2AP base.

Spectral characteristics of 2AP should be described
to first order in terms of the number of stacking adenine
neighbors, not in terms of end-of-strand effects. The fact
that stacking-induced shifts and energy transfer efficien-
cies are about 1.5–2 times as high for interior 2APs seems
to imply that end effects are negligible for most of the
measurements. True “end effects” would be more rele-
vant when investigating structural changes involved in
duplex formation, which, as we have shown, requires
measurements below 0°C for mostly adenine pentamers.
Such low-temperature measurements entail use of special
solvents and are beyond the scope of the present work.
To a second approximation, it appears that energy transfer
tends toward lower efficiency near the 3
 end of the strand.

We have found that analysis of the 240–280 nm
absorbance of 2AP-containing oligonucleotides with large
excesses of the nonlabeled complement can be carried
out by carefully subtracting the temperature-dependent
absorbance of the excess (unbound) complement. This
analysis will be presented in a companion paper (Davis
et al., to be published) for the case of guanine strands
with cytosine complements (e.g., GGGGP/CCCCT),
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where the case of ds formation is clearer. What we find
in these cases is that standard A260 versus T still does not
always reflect duplex formation; the 240–280 nm spectral
changes with temperature can be more complex than
simple hypochromism. Spectral regions can be found
where absorbance increases or decreases with T, with
various functional dependencies, or even remains
�constant. Though these difficulties decrease in long
nucleic acids, where the differing spectral changes of the
four bases remarkably average to produce an approxi-
mate hypochromic effect at 260 nm, it is important to
check in each case that A260 does, in fact, accurately
measure helix formation and melting.

Recent theoretical studies on 2AP dimers with each
of the four other bases are important to consider in the
interpretation of our spectral shift results. Jean and Hall
[70] have used time-dependent density functional theory
to calculate the ground and excited states of such dimers
and have concluded that purine and pyrimidine neighbors
to 2AP interact quite differently with 2AP. Placing the
two bases in B-DNA orientations, they found that guanine
and adenine stack strongly with 2AP, causing ground
state mixing of the A (or G) and 2AP orbitals. Such
ground state mixing has several effects. Jean and Hall
focus on the perturbation of absorption (and fluorescence
excitation) spectra and the reduction of fluorescence yield
due to this mixing. Though their calculations are not
designed to study transfer, ground-state mixing also
implies that energy absorbed by A (or G) is, in fact, delo-
calized and can populate the 2AP excited state, from
which fluorescence occurs. Such ground-state mixing does
not occur in dimers of 2AP with T or C, where fluores-
cence quenching results from relaxation to a “dark” (non-
emitting) excited state, which is not optically accessible
directly from the ground state. Our measurements support
these theoretical results for A, C, and T. Our previous
measurements show that the excitation spectrum of 2AP
with C and/or T neighbors is less perturbed from 2AP
free-base spectra and is less sensitive to temperature than
are A-neighbored 2AP [62,63]. The spectral predictions
for G-2AP dimers are not in accord with our (previous)
fluorescence measurements, however. We will deal with
this in detail in future work, but it appears likely that
the theoretical assumption of B-conformation is not
correct, at least for short oligomers, possibly because of
intrastrand interaction of the 2AP amino group with the
guanine O6 [62,67].

We and others have previously considered Förster
(� 1/r6 very weak coupling) energy transfer in DNA [62,
76–80]. Such theory should not apply, in principle,
because of the proximity and orbital overlap of adjacent
bases; furthermore, the distance dependence of the Förster

�

theory did not match the data analysis of Xu et al. [61,62].
(This latter calculation did not, however, take into account
the variation of the dipole–dipole orientation factor present
in Förster theory.) Furthermore, spectral shifts, as observed
in this work, as well as the Jean and Hall calculations,
imply a strong interaction between donor (2AP neighbor)
and acceptor (2AP), inconsistent with Förster 1/r6 theory.
The observation that emission from these pentamers,
excited in the 260-nm region, has the characteristic
spectrum of 2AP, while calculations show ground-state
mixing of A and 2AP, are not necessarily inconsistent,
but do need a proper resolution, In view of the recent
success of theoretical calculations on 2AP-containing
dinucleotides, it would appear timely to apply a more
appropriate transfer theory to AP and PA dinucleotides,
as well as APA trinucleotides.

CONCLUSIONS

A primary design purpose of 2AP is as a base that
can act as a probe of nucleic acid structure and interactions
with proteins and its environment, especially during bio-
logic activity. As with any probe, careless (or planned)
use of the base can result in unintended (or intended)
perturbations of structure. How can our present results
be used to help optically probe DNA activity? We have
characterized three spectral measures of DNA containing
2AP with adenine neighbors: fluorescence excitation spec-
tral shifts, a �260-nm A:2AP energy transfer band, and
fluorescence intensity changes. All these measures depend
primarily on A-2AP stacking interactions. The weak
dependence of these measures on interior position of 2AP
within the adenine strand is a great simplification, as one
can then focus on probing, for example, stacking inter-
actions without having to adjust the analysis for each
separate probe position. The simple, factor-of-about-two
change in temperature sensitivity of spectral position and
energy-transfer efficiency when 2AP goes from having
two to one adenine neighbor, as well as the greater
sensitivity of A-2AP stacks compared to T-2AP, C-2AP,
or G-2AP, are likewise advantageous when probing, for
example, cleavage or unstacking of a particular adenine
at any point in a helix. Fluorescence intensity, as well as
polarization, can also be used as probes of cleavage and
unstacking, as shown by a number of studies.

Finally, much has recently been made of the possi-
bility that DNA can acts as a “molecular wire”—an
efficient conductor of charge—with conclusions ranging
from insulator to superconductor. Whereas supporting
electrical measurements on DNA are difficult, excitation
energy transfer measurements of the sort presented here
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are straightforward and show that transfer efficiencies
approach 100% in short, adenine-dominated oligomers
near 0°C. Use of carefully designed DNA as a “molecular
fiber optic” is therefore a possibility. The next step in
these studies is to introduce excitation selectively at one
end and observe transfer to a 2AP at the other end of
the DNA strand.
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