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ABSTRACT: Abasic sites are highly mutagenic lesions in DNA that arise as intermediates in the excision
repair of modified bases. These sites are generated by the action of damage-specific DNA glycosylases
and are converted into downstream intermediates by the specific activity of apurinic/apyrimidinic
endonucleases. Enzymes in both families have been observed in crystal structures to impose deformations
on the abasic-site DNA, including DNA kinking and base flipping. On the basis of these apparent protein-
induced deformations, we propose that altered conformation and dynamics of abasic sites may contribute
to the specificity of these repair enzymes. Previously, measurements of the steady-state fluorescence of
the adenine analogue 2-aminopurine (2AP) opposite an abasic site demonstrated that binding of divalent
cations could induce a conformational change that increased the accessibility of 2AP to solute quenching
[Stivers, J. T. (1998)Nucleic Acids Res. 26, 3837-44]. We have performed time-resolved fluorescence
experiments to characterize the states involved in this conformational change. Interpretation of these studies
is based on a recently developed model attributing the static and dynamic fluorescence quenching of 2AP
in DNA to aromatic stacking and collisional interactions with neighboring bases, respectively (see the
preceding paper in this issue). The time-resolved fluorescence results indicate that divalent cation binding
shifts the equilibrium of the abasic site between two conformations: a “closed” state, characterized by
short average fluorescence lifetime and complex decay kinetics, and an “open” state, characterized by
monoexponential decay with lifetime approximately that of the free nucleoside. Because the lifetime and
intensity decay kinetics of 2AP incorporated into DNA are sensitive primarily to collisional interactions
with the neighboring bases, the absence of dynamic quenching in the open state strongly suggests that the
fluorescent base is extrahelical in this conformation. Consistent with this interpretation, time-resolved
quenching studies reveal that the open state is accessible to solute quenching by potassium iodide, but the
closed state is not. Greater static quenching is observed in the abasic site when the fluorescent base is
flanked by 5′- and 3′-thymines than in the context of 5′- and 3′-adenines, indicating that 2AP is more
stacked with the neighboring bases in the former sequence. These results imply that the conformation of
the abasic site varies in a sequence-dependent manner. Undamaged sequences in which the abasic site is
replaced by thymine do not exhibit an open state and have different levels of both static and dynamic
quenching than their damaged homologues. These differences in structure and dynamics may be significant
determinants of the high specific affinity of repair enzymes for the abasic site.

DNA abasic sites arise at a high frequency in living cells
both spontaneously and as intermediates in the base excision
repair (BER)1 of damaged or modified bases (1, 2). The
abasic site is labile, being vulnerable to reactions leading to
both single-stranded and double-stranded breaks in DNA and

consequently is highly mutagenic (3, 4). In BER, abasic sites
are created by the cleavage of the glycosidic bond between
a modified base and the backbone deoxyribose. This reaction
is catalyzed for each type of damaged base by a damage
type-specific DNA glycosylase (5, 6). Both spontaneously
arising and enzyme-generated abasic sites are resolved by
enzymatic cleavage of the phosphodiester bond 5′ to the
abasic sugar by an apurinic/apyrimidinic (AP) endonuclease
(6, 7). The product of this reaction subsequently undergoes
a series of further enzymatic steps of which the ultimate
product is undamaged DNA.

Both damage-specific DNA glycosylases and AP endo-
nucleases demonstrate high affinity for abasic sites (8-10).
In the case of the glycosylases, it has been proposed that
this binding affinity exists because the bound enzyme protects
the abasic site from chemical or enzymatic reactions resulting
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in strand-cleaved products (11). In contrast, the AP endo-
nucleases require specific high-affinity binding to differenti-
ate their substrate sites from the vast excess of undamaged
DNA present in the cell. For both classes of enzyme, it has
been proposed that high-affinity binding to this damaged site
arises in part from the susceptibility of the abasic site to
particular structural deformations, including DNA kinking
and “flipping” of both the abasic sugar and the opposite base
(12, 13). These hypotheses have been suggested by structural
studies of abasic site-repair enzyme complexes that show
such deformations (as reviewed below). However, no direct
measurement of the conformational flexibility of the abasic
site in solution has been reported. In this study, we utilize
the fluorescence of an incorporated base analogue, 2-ami-
nopurine, to probe the conformation and dynamics of abasic
site DNA.

Numerous structural studies of abasic site DNA have been
performed by nuclear magnetic resonance (NMR) methods
(14-26). The species studied have included the 2′-deoxyri-
bose abasic site that is generated in BER (14-20, 23, 25,
26), the chemically stable tetrahydrofuran (THF) analogue
of this site (21, 22), and the alternative 2′-deoxyribonolactone
site (24), which is produced in vivo by some types of
chemical damage. Investigations of the 2′-deoxyribose site
have revealed that the abasic sugar exists as an equilibrium
mixture ofR- andâ-hemiacetals, indicating that there is some
conformational heterogeneity at this site (20, 26). A single
study indicated that the base opposite the abasic site was
sometimes found in an extrahelical conformation or in a
mixture of extrahelical and intrahelical conformations,
depending on the identity of the base (14). However, the
majority of the reported structures of abasic species have
revealed none of the gross deformationssDNA kinking,
deoxyribose flipping, opposite-base flippingsthat are ob-
served in complex with repair enzymes.

Four different complexes between a repair enzyme and
an abasic site have been determined by X-ray crystal-
lography. The enzymes includeEscherichia coliuracil DNA
glycosylase (UDG) (27), E. coli alkylated-base glycosylase
AlkA ( 28), E. coli endonuclease IV (endo IV) (29), and
human AP endonuclease I (HAP1, APE1, or ref1) (30). The
structures of the abasic-site DNA in these complexes display
both common and unique features. In all four protein-DNA
complexes, the DNA is sharply kinked at the damaged site,
with accompanying compression of the major groove. In each
case, kinking appears to allow binding contacts to be formed
between the protein and the phosphate backbone 5′ and 3′
to the abasic site. However, the local DNA conformation is
unique to each enzyme.

UDG is the prototypical damage-specific repair glycosy-
lase, which exists to remove uracil from DNA (5). In
complex with UDG, uracil “flips” out of the DNA helix and
into a cavity within the protein that contains the catalytic
residues. The structure of UDG complexed with a noncleav-
able substrate analogue demonstrates DNA kinking, flipping
of the abasic sugar, and flipping of the opposite base (31).
The abasic site is the product of the glycosidic cleavage
catalyzed by UDG. The affinity of UDG for the abasic
product is in the micromolar range (9), and the product
complex has been reported to dissociate slowly, with a rate
constant of 0.2 s-1 at 15°C (11). The DNA is kinked in this
complex, with the abasic sugar in a flipped-out conformation

and the opposite base intrahelical (27). Similar features are
observed in the complex of the alkylated-base glycosylase
AlkA with its product abasic site: in this structure, the DNA
is kinked, the abasic deoxyribose is flipped-out, and the
opposite base is intrahelical (28).

Endo IV and HAP1 typify the two known families of AP
endonucleases, which are defined by both sequence and
structural similarities (2). In both enzyme-abasic site
complexes, DNA kinking and flipping of the abasic sugar
are observed. In the HAP1 complex, the opposite base is
intrahelical (30). However, in the endo IV complex, the base
opposite the abasic site also is flipped out of the helix (29).
The catalytic residues approach the abasic site through the
space vacated by the flipped-out base.

Flipping of the opposite base also has been observed in
the cocrystal structure of the bifunctional glycosylase-lyase
endonuclease V (endo V) of bacteriophage T4 with its
primary substrate, a cyclobutane thymine dimer (32). Endo
V, which has no sequence similarity to any other known
protein, catalyzes the cleavage of both the glycosidic bond
and the 5′-phosphodiester bond of the 5′-residue of a thymine
dimer (33). In the cocrystal structure of a catalytically
inactive mutant of endo V with its substrate, the DNA is
kinked, the adenine opposite the 5′-thymine of the dimer is
flipped out of the helix, and the catalytic residues approach
the thymine dimer through the space vacated by this base.
However, unlike the endo IV complex, in which the flipped-
out base makes no binding contacts with the protein, in the
endo V complex the extrahelical base sits in a cavity within
the enzyme. These features of the endo V substrate complex
also may exist in the intermediate statesthe complex with
the abasic sitesand the product complex.

In summary, the structures of repair enzyme-DNA
complexes suggest either that the abasic site is intrinsically
deformed from the normal helical structure of DNA or that
it is readily susceptible to protein-induced deformations. The
types of deformation that are observed consistently include
DNA kinking, compression of the major groove, abasic-sugar
flipping, and in some cases opposite base flipping. In contrast
to these highly deformed enzyme-DNA complexes, the
majority of NMR structures of abasic sites free in solution
reveal no kinking, sugar flipping, or opposite-base flipping,
suggesting that the deformations are induced upon binding
of the repair enzymes.

Other evidence, however, suggests that the abasic site may
undergo some or all of these deformations even in the
absence of repair enzymes. One NMR study observed two
conformational states that differed at the position of the base
opposite the abasic site (14). Features of the proton spectra
suggested that these two states represented intrahelical and
extrahelical bases. The fractional population of these states
differed according to the identity of the opposite base.
Consistent with this result, fluorescence measurements of
abasic site DNA employing the highly fluorescent adenine
analogue 2-aminopurine (2AP) in the position opposite the
abasic site have suggested that these sites undergo a
conformational change upon binding of divalent cations (9).
Addition of Ca2+, Mg2+, or Mn2+ to these labeled oligo-
nucleotides induced a large, saturable increase in 2AP
fluorescence intensity, with an accompanying increase in the
susceptibility to collisional quenching by added acrylamide.
These results are consistent with a conformational change
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shifting the fluorescent base to an extrahelical position. This
conformational state may not be detectable in NMR studies
because only a small fractional population of molecules may
occupy this state at equilibrium. However, even a 10%
population of a base-flipped state would have significant
implications for the thermodynamics and kinetics of the
interactions of repair enzymes with the abasic site.

To characterize further the conformational states of the
abasic site, we have performed steady-state and time-resolved
fluorescence measurements of 2AP in abasic-site DNA. The
interpretation of fluorescence lifetimes and relative quantum
yields in these experiments is based on the model of the
quenching interactions of 2AP in DNA that is developed in
the preceding paper in this issue. By measuring the fluores-
cence changes in response to the addition of divalent cations,
solute quencher, and UDG, we are able to identify two
conformational states: one in which the opposite base is
intrahelical and another in which it is extrahelical. Both of
these states show significant fractional occupation at all
concentrations of divalent ion. This result suggests that repair
enzymes such as endo IV may recognize a preexisting
deformed state of abasic-site DNA and implies that the lower
energetic cost of deforming the damaged site relative to
normal DNA may contribute to the specificity of such
enzymes.

MATERIALS AND METHODS

Oligonucleotides and Other Materials. Single-stranded 19-
mers containing normal DNA bases, 2AP, and THF were
synthesized as previously described (9). The sequences of
the four double-stranded (ds) oligonucleotides (oligos)
employed in this study are listed in Table 1. Oligos are named
according to their central three bases: e.g., APA/TTT, where
the two three-letter names represent the central sequence read
5′ to 3′ on each strand. In this one-letter code, 2AP is
indicated by P, and the THF abasic site analogue indicated
by F. Single-stranded oligos were purified by FPLC on a
MonoQ 5/5 column (Pharmacia) using a protocol previously
described (34). Peak fractions were collected and concen-
trated on Centricon 3 spin filters (Millipore). Oligos were
annealed by heating a solution of approximately 0.5 mM
[ssDNA] to 90°C for 5 min, then allowing it cool to room
temperature over the course of 4-6 h. Double-stranded oligos
were separated from excess ssDNA by FPLC on a MonoQ
5/5 column using a similar protocol as for purification of
the ss oligos. Absorption spectra were collected for all
samples using a Hitachi U-3210 UV/vis dual beam spectro-
photometer. Sample concentrations were computed from the
absorbance at 303 nm assumingε303 nm ) 6000 M-1 cm-1

for 2AP in DNA (35). E. coli UDG was purified and assayed

as previously described (9). The concentration of UDG was
estimated from the UV absorption spectrum assuming
ε280 nm ) 38 500 M-1 cm-1. This extinction coefficient was
determined by the LINCS method (36). DNA and protein
stock solutions were prepared in a buffer of 20 mM tris‚HCl,
60 mM NaCl, 0.1 mM Na2EDTA, with pH adjusted to 7.5
by addition of HCl. Buffer salts were purchased from Sigma
and used without further purification.

Titrations. Oligos were titrated with divalent cation at
constant ionic strength either by serial addition of aliquots
of 20 mM tris‚HCl, 20 mM CaCl2, 0.1 mM Na2EDTA, pH
adjusted to 7.5, to oligo samples in the previously described
60 mM NaCl buffer, or by mixing samples in these two
buffers that were equal in DNA concentration. For titration
with potassium iodide (KI), oligos were prepared in a buffer
of 20 mM tris‚HCl, 30 mM CaCl2, 200 mM KCl, and
0.1 mM Na2EDTA, pH 7.5. KI was introduced by serial
additions of a solution of 20 mM tris‚HCl, 30 mM CaCl2,
200 mM KI, and 0.1 mM Na2EDTA, pH 7.5. The KI stock
solution was kept in the dark and contained a small quantity
of sodium bisulfite to retard oxidation. New KI stock was
prepared each day.

Fluorescence Spectroscopy. Steady-state and time-resolved
fluorescence measurements were performed essentially as
described in the preceding paper in this issue. Samples were
contained in 3× 10 mm2 quartz-windowed fluorescence
microcuvettes; these cuvettes enable measurement of samples
as small as 50µL. Relative quantum yields of oligos were
estimated by comparison with the fluorescence of 2-ami-
nopurine deoxyribonucleoside (d2AP), which was the gift
of Professor Lawrence C. Sowers (City of Hope National
Medical Center). The excitation wavelength for all steady-
state and time-resolved fluorescence experiments was
309 nm, except as noted below. For determination of relative
quantum yields, excitation was at 325 nm to minimize the
absorption of the DNA bases. The extinction coefficient for
the nucleoside was assumed to be equal to that of 2AP
incorporated into DNA. For titrations with UDG, fluores-
cence excitation was performed at 325 nm to avoid the
tryptophan absorption of the protein.

Fluorescence Decay Data Analysis. Time-resolved fluo-
rescence data were analyzed by a standard reconvolution
procedure (37) using nonlinear regression (38). The fluo-
rescence intensity decay was fit to a sum of exponentials:

where the preexponential factorsRi are the amplitudes of
each component, andτi are fluorescence lifetimes. Certain
analyses of titration data were performed using a global
procedure with lifetimesτi as common parameters (39, 40).
In cases where a single-exponential term was not adequate
to fit the observed kinetics, number-averaged and intensity-
averaged fluorescence lifetimes (41) were computed, respec-
tively, according to

Table 1: Abasic-Site Oligonucleotide Sequencesa

name sequence

AFA/TPT 5′-GCGGCCAAAFAAAAAGCGC/
5′-GCGCTTTTTPTTTGGCCGC

APA/TFT 5′-GCGGCCAAAPAAAAAGCGC/
5′-GCGCTTTTTFTTTGGCCGC

ATA/TPT 5′-GCGGCCAAATA AAAAGCGC/
5′-GCGCTTTTTPTTTGGCCGC

APA/TTT 5′-GCGGCCAAAPAAAAAGCGC/
5′-GCGCTTTTTTT TTGGCCGC

a F ) tetrahydrofuran (THF); P) 2-aminopurine (2AP).

I(t) ) ∑
i)1

n

Rie
-t/τi (1)

τnum ) ∑
i)1

n

Riτi/∑
i)1

n

Ri (2)
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The value ofτnum is proportional to the steady-state fluo-
rescence intensity (in the absence of static quenching). The
value ofτint represents the average time that a fluorophore
exists in the excited state.

Binding Data Analysis. Binding of Ca2+ to oligos was
analyzed according to a simple hyperbolic isotherm (42):

whereKa is the association constant andY is the fraction of
calcium-bound DNA: [DNA]bound/([DNA] bound+ [DNA] free).
This analysis assumes that the interaction of Ca2+ with the
oligo is a simple two-state process. The bound fractionY
was related to the relative fluorescenceF/F0 according to

whereF0 is the fluorescence intensity in the absence of Ca2+,
and φbound/φfree is the ratio of the relative quantum yields
of bound and free states. Because the quantum yields enter
eq 5 as a ratio, it is not necessary to employ the absolute
values ofφbound andφfree. Therefore, in these analyses,φfree

was fixed equal to one, and onlyφboundandKa were iterated
parameters. To extract binding constants from time-resolved
fluorescence data, the ratio of number-average lifetimeτnum/
τnum,0 may be substituted forF/F0 in eq 5.

Binding of UDG to abasic-site oligos cannot be described
by the simple hyperbolic isotherm eq 4 because neither
protein nor DNA concentration remains constant over the
course of the titration. Therefore, these data were fitted to
the general two-state isotherm (42)

where Y is the fraction bound, [P]Σ is the total UDG
concentration, [D]Σ is the total DNA concentration, and
Kd

app is the apparent dissociation constant for their interac-
tion. The apparent dissociation constant for the interaction
of UDG with the abasic site is employed because the
contribution of nonspecific UDG-DNA binding to the
observed isotherm has not been determined. The bound
fraction Y was related to the relative fluorescenceF/F0

according to eq 5. In these analyses, as in the analysis of
Ca2+ binding,φfree was assumed to equal one, andφboundand
Kd were iterated parameters.

Fluorescence Quenching Data Analysis. Fluorescence
lifetimes from KI quenching titrations were fitted to the
Stern-Volmer equation (43) for analysis of collisional
quenching

whereτ0 andτ are the lifetimes in the absence and presence

of quencher, respectively, [Q] is the KI concentration, and
kq is the bimolecular quenching rate constant (M-1 s-1).

RESULTS

The local conformation of DNA abasic sites free in
solution may be an important determinant of the specific
recognition of such sites by DNA repair proteins. Steady-
state fluorescence measurements have suggested that a
conformational change occurs upon binding of divalent
cations (9). The fluorescence of 2AP opposite an abasic site
in dsDNA was observed to increase saturably upon addition
of Ca2+, Mg2+, or Mn2+. This change was accompanied by
an increase in the accessibility of the fluorophore to added
solute quencher (acrylamide), implying that the DNA had
undergone a conformational change upon binding of one or
more divalent ions. This change in accessibility is consistent
with the 2AP opposite the abasic site occupying an extra-
helical conformation, although it also conceivably could arise
from a more subtle change in the conformation of an
intrahelical base.

Further insight into the character and energetics of the
conformational states of abasic sites can be obtained from
time-resolved fluorescence measurements. Interpretation of
these data is greatly enhanced by the model of 2AP
quenching in DNA that is developed in the preceding paper
in this issue and briefly summarized here. The fluorescence
of 2AP is sensitive to both dynamic quenching, which
reduces the intensity decay lifetime and the steady-state
quantum yield proportionately, and static quenching, which
reduces the quantum yield with no effect on the lifetime.
Both of these effects arise from interactions between 2AP
and the other nucleic acid bases. Dynamic quenching of
fluorescence is mediated with high efficiency by collisions
between 2AP and each of the other bases, and static
quenching is mediated by the formation of aromatic stacking
complexes between the bases. The intrinsic efficiency of
quenching due to either of these interactions does not vary
significantly between the normal DNA bases free in solution.
Furthermore, hydrogen bonding does not appear to affect
either the lifetime or the quantum yield of 2AP. Therefore,
the combination of steady-state and time-resolved data may
be interpreted in terms of the interactions of the fluorescent
base in DNA with the flanking residues only, giving insight
into both local structure and dynamics. Static quenching
implies that the local equilibrium conformation of the DNA
allows stacking of the bases. Dynamic quenching depends
on the rate of base collisions, which will be sensitive both
to the equilibrium conformation of the DNA, the mean
distance between 2AP, and the neighboring bases, and to
DNA dynamics, the characteristics and rates of base motions.

Four dsDNA 19-mers were designed for time-resolved
fluorescence experiments. The sequences of these oligos are
listed in Table 1. In the text and figures, the oligos are named
according to the sequence of their three central base pairs.
Two of these oligos contain the THF abasic-site analogue.
AFA/TPT contains THF (F) flanked by 5′- and 3′-adenines,
opposite 2AP (P) flanked by 5′- and 3′-thymines; this oligo
is identical to the one employed in the previous steady-state
fluorescence study (9). The second THF-containing oligo
contains the central sequence APA/TFT; this oligo is identical
to AFA/TPT except that the THF and 2AP are switched

τint ) ∑
i)1

n

Ri τi
2/∑

i)1

n

Riτi (3)

Y )
Ka[Ca2+]

1 + Ka[Ca2+]
(4)

F
F0

) 1 - Y(1 -
φbound

φfree
) (5)

Y )
([P]Σ + [D]Σ + Kd) - x([P]Σ + [D]Σ + Kd

app)2 - 4[P]Σ[D]Σ

2[D]Σ
(6)

τ0/τ ) 1 + kqτ0[Q] (7)
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between strands. These A:T-rich sequences were employed
based on a previous report that such sequences are relatively
better substrates for UDG than other sequences are. Com-
parison between these two sequences enables an investigation
of the sequence dependence of the conformation of the abasic
site and also allows comparison of the relative quenching
effects of adenine and thymine on 2AP. The THF analogue,
which is more stable than the 2′-deoxyribose abasic site, was
employed for these studies. The THF abasic site demonstrates
very similar fluorescence changes upon addition of divalent
cation (9). No oligos were examined in which 2AP was
situated in other positions relative to the abasic site, e.g.,
adjacent on the same strand, because no change was observed
in the steady-state fluorescence of such oligos upon addition
of divalent cations (9). To investigate the differences between
abasic-site and undamaged DNA, the undamaged oligos
ATA/TPT and APA/TTT also were studied. These two oligos
are identical to the two abasic-site oligos except that THF is
replaced by thymine.

Static and Dynamic Quenching in DNA. Steady-state and
time-resolved fluorescence experiments were performed for
each of the four oligos described above to determine the
mechanisms of fluorescence quenching that are active in each
oligo. The number-averaged lifetimeτnum (eq 2) and relative
quantum yieldφrel observed for each oligo in the absence of
divalent cations are summarized in Table 2 (and more
detailed discussion of the time-resolved experiments is
provided further below). The extent of dynamic quenching
(base collisions) is indicated by the decrease inτnum relative
to the lifetime of d2AP free in solution. In the absence of
static quenching (stacking interactions),φrel will decrease
proportionally toτnum; however, if there is static quenching,
there will be a disproportionately greater decrease inφrel than
in τnum. The extent of static quenching may be quantified by
the ratioτrel/φrel (whereτrel is defined asτnum/τd2AP). Alter-
natively, the fraction of oligos in which 2AP is statically
quenched may be calculated asfstacked) 1 - φrel /τrel.

The values ofφrel, τnum, τrel/φrel, andfstackedsummarized in
Table 2 indicate that 2AP is quenched by both static and
dynamic mechanisms to differing extents in all four oligos.
These differences imply that the base fluorescence is sensitive
to effects both of sequence and of the abasic site. In
undamaged oligos, 2AP experiences greater static quenching
in the adenine context APA/TTT (τrel/φrel ) 2.45 ( 0.52)
than in the thymine context ATA/TPT (τrel/φrel ) 1.22 (
0.41), indicating that there is a greater fraction of stacked
bases in the former case. This result is consistent with the
previously published observation that 2AP is stacked in ss
poly-A oligos but not in ss poly-T oligos (44). However,
dynamic quenching of 2AP appears to be slightly more
efficient in ATA/TPT (τnum ) 0.29( 0.1 ns) than in APA/
TTT (τnum ) 0.38( 0.1 ns), suggesting that the frequency

of base collisions may be greater in the former. This
difference in collision rates could arise from a difference
between oligos in the equilibrium distance separating 2AP
and the flanking bases, in the amplitude of local motions, or
in both. However, an increase in the average base-base
distance should be accompanied by decreased stacking
interactions, in disagreement with the observed greater static
quenching in APA/TTT. Therefore, the difference in dynamic
quenching efficiency suggests that the amplitudes of the local
motions giving rise to base collisions are greater in ATA/
TPT than in APA/TTT.

The efficiency of dynamic quenching is clearly diminished
in both of the abasic-site oligos relative to their undamaged
homologues. This decrease in base collisions is consistent
with the partial population of a conformational state in which
the fluorescent base is flipped out of the DNA helix. As in
the undamaged oligos, the efficiency of dynamic quenching
is greater for 2AP flanked by thymines (τnum ) 0.78( 0.1 ns
for AFA/TPT) than by adenines (τnum ) 2.22 ( 0.1 ns for
APA/TFT). However, the abasic site changes base stacking
in opposite ways in the two sequence contexts: the extensive
static quenching of 2AP in APA/TTT (τrel/φrel ) 2.45( 0.52)
is relieved in APA/TFT (τrel/φrel ) 1.29 ( 0.06), but the
moderate (or absent) static quenching of 2AP in ATA/TPT
(τrel/φrel ) 1.22( 0.41) is enhanced in AFA/TPT (τrel/φrel )
2.31 ( 0.24). These results imply that the presence of the
abasic site changes the local conformation and dynamics of
DNA in a sequence-dependent manner.

Ca2+ Titrations. Further information about the conforma-
tion of abasic-site DNA can be derived from the perturbation
of 2AP fluorescence by the effects of added divalent cations.
Because steady-state fluorescence of 2AP previously had
been observed to undergo approximately identical changes
upon addition of Ca2+, Mg2+, or Mn2+, time-resolved
experiments performed with any one of these ions should
demonstrate the common response of the abasic site to
divalent metal binding. Therefore, in this study divalent ion
titrations are performed only with Ca2+.

For the abasic-site oligos AFA/TPT and APA/TFT, both
steady-state fluorescence intensity and average decay life-
times increase saturably upon addition of Ca2+, as shown in
Figure 1. In each case, the relative increase in fluorescence
intensity is greater than that inτnum, indicating that both static
and dynamic quenching interactions are relieved by addition
of divalent ions. The magnitude of the change inτnum is
approximately 3.5-fold greater for AFA/TPT than for APA/
TFT, and the change in fluorescence intensity is ap-
proximately 4-fold greater. The relatively greater increases
in fluorescence intensity than inτnum upon Ca2+ binding
imply a decrease in the stacking interactions that mediate
static quenching. For AFA/TPT,fstackeddecreases from 0.53
to 0.38; for APA/TFT,fstackeddecreases from 0.22 to 0.14.
On the basis of the absence of fluorescence intensity changes
upon addition of divalent ions to undamaged DNA, Ca2+

titrations were not performed for the undamaged oligos ATA/
TPT and APA/TTT.

The Ca2+-dependent changes in both lifetime and intensity
are consistent with reversible binding of divalent metal to
DNA. Fitting of the lifetime data to a two-state binding model
(eqs 4 and 5) yields equilibrium association constants of 248
( 20 M-1 and 136( 20 M-1 for AFA/TPT and APA/TFT,
respectively. Essentially identical binding constants are

Table 2: Relative Quantum Yields and Number-Average Lifetimes
of Oligos

sample φrel τnum (ns) τrel/φrel fstacked

d2AP 1a 10.2( 0.10 1 0
AFA/TPT 0.033( 0.003 0.72( 0.10 2.13( 0.24 0.53( 0.12
ATA/TPT 0.023( 0.003 0.29( 0.10 1.22( 0.41 0.18( 0.16
APA/TFT 0.168( 0.003 2.22( 0.10 1.29( 0.06 0.22( 0.02
APA/TTT 0.015( 0.003 0.38( 0.10 2.45( 0.52 0.59( 0.25

a Relative quantum yield of d2AP is taken as one by definition.
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derived from the steady-state data. These very similar binding
constants agree well with those previously reported (9).

Intensity Decay Kinetics. The fluorescence intensity decays
of both the undamaged and the abasic-site oligos at all [Ca2+]
are poorly described by a single-exponential model. These
decays require sums of three and four exponential terms
(eq 1) to achieve a statistically acceptable fit. This multiple-
exponential model is only an empirical fit to the data, insofar
as no a priori assumption is made as to the mechanism
underlying the observed kinetics. The requirement for
multiple exponentials in the analysis is consistent with
previous reports of the intensity decay kinetics of 2AP in a
variety of oligos (45, 46). The values of the lifetimesτi, the
preexponential factorsRi, and the average lifetimesτnum and
τint are listed in Table 3 for all four of the oligos in the
absence of Ca2+ and for the two abasic-site oligos in a
saturating concentration (20 mM) of Ca2+. As has been
mentioned above,τnum is greater for each of the abasic-site
oligos than for the respective undamaged oligo. The kinetic
parameters in Table 3 reveal that this difference arises from
the requirement for a fourth lifetimeτ4 in the intensity decays
of the abasic-site oligos, where only three exponential terms
are required in the analysis for undamaged DNA. For both
AFA/TPT (τ4 ) 10.1( 0.1 ns) and APA/TFT (τ4 ) 9.7 (
0.1 ns), this lifetime is significantly longer than any of the
other three and does not change significantly between 0 and
20 mM Ca2+. These values do not differ significantly from
the single-exponential intensity decay lifetime of free d2AP
(τ ) 10.2 ( 0.1 ns).

The preexponential factorsRi vary systematically with
increasing [Ca2+], as shown in Figure 2. For both AFA/TPT
and APA/TFT,R4 increases monotonically and saturably with
increasing [Ca2+]; in the former case, from 0.04 to 0.23, and
in the latter case, from 0.02 to 0.10. In a complementary
change, the sum ofR1, R2, andR3 for each oligo decreases
over the same range of [Ca2+]. The saturable Ca2+-dependent

changes in preexponential factors suggest thatτ4 represents
one conformational state, which is thermodynamically fa-
vored by divalent ion binding, and the other three lifetimes
together represent a second conformer. The absence of the
long lifetime from the decays of the undamaged oligos
implies that the putative associated conformation is not
attained by a significant fraction of these oligos. The
relatively long value ofτ4 indicates that in this proposed
state 2AP is not accessible to the quenching actions of the
other bases. Moreover, the similarity betweenτ4 and the free
d2AP lifetime suggests that in this state the fluorophore may
be completely isolated from the other DNA bases, as would
be the case if it were flipped out of the helix. In contrast,
the emission from the other conformational state is character-
ized empirically by three short lifetimes; i.e., it is dynamically
quenched and decays with complex kinetics, as expected for
an intrahelical base.

For both AFA/TPT and APA/TFT,τ4 does not change
significantly over the full range of Ca2+ concentrations. For
APA/TFT, there is no significant change in any of the other
three lifetimes either. However, for AFA/TPT,τ1, τ2, andτ3

each increase moderately with increasing [Ca2+]. These
changes are approximately monotonic and follow the same
saturable dependence on [Ca2+] as do the preexponential
factors. Because the iterated parameters in multiple-
exponential fits of fluorescence intensity decays are known
to be cross-correlated (47), the observation of simultaneous
changes in lifetimes and preexponential factors with increas-
ing [Ca2+] raises the possibility that some of those changes
may arise from parameter correlation. To reduce the cross-
correlation between recovered kinetic parameters, global
analysis (39, 40) of decays was performed with the lifetimes
forced to assume common values at all [Ca2+]. Global
analyses in which all four lifetimes are made common to all
data sets are statistically acceptable for both oligos, suggest-
ing that the apparent Ca2+-dependent changes inτ1, τ2, and
τ3 for AFA/TPT in the analyses of individual data sets are
not statistically significant. However, the number average
of the three short lifetimesτ123num increases monotonically
and saturably with increasing Ca2+ in both the individual
and global analyses for AFA/TPT, as shown in Figure 3.
Moreover, the values ofτ123numat each [Ca2+] do not differ
significantly between individual and global analyses for either
oligo. The agreement between values obtained from different
analyses implies thatτ123numis well-determined, even though
the individual Ri’s and τi’s that figure into this average
lifetime are highly correlated parameters. The Ca2+-depend-
ent increase inτ123num implies that, in addition to shifting
the conformational equilibrium toward the state represented
by τ4, divalent cation binding also may change the structure
and dynamics of the other state (in which the opposite base
is apparently intrahelical) so as to decrease 2AP quenching.
In contrast, the lack of Ca2+-dependence ofτ4 strongly
supports the interpretation that this lifetime represents the
decay of an extrahelical base that is not subject to quenching
by neighboring residues. For APA/TFT, the value ofτ123num

derived from global analysis decreases slightly upon Ca2+

binding. This result implies that the structural and dynamic
changes induced in abasic-site DNA by divalent cation
binding differ depending on the sequence context in which
the damaged site exists.

FIGURE 1: Relative fluorescence intensityF/F0 and relative number-
average lifetimeτrel for abasic-site oligos as a function of [Ca2+].
The four data series areF/F0 for AFA/TPT (circles),τrel for AFA/
TPT (triangles),F/F0 for APA/TFT (x’s) andτrel for APA/TFT
(squares). The dashed lines are interpolations between data points
only.
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In summary, the time-resolved fluorescence measurements
suggest that divalent ion binding to abasic-site oligos
apparently perturbs the equilibrium between two conforma-
tional states in which the opposite base is in very different
environments. The first state is characterized by efficiently
quenched fluorescence emission with complex decay kinetics
requiring three exponential terms to fit. The decay kinetics
in this state are very similar to those observed in undamaged
DNA and are consistent with the expected decay of 2AP in
an intrahelical (“closed”) conformation. The second state is
characterized by unquenched emission with single-exponen-
tial lifetime equal to that of free d2AP. The decay kinetics
of the unquenched state are consistent with those expected
of 2AP in an extrahelical (“open”) conformation. For AFA/
TPT, the average decay lifetimeτ123num of the closed state
increases with Ca2+ binding, implying that the bound ion
changes the structure or dynamics of this state so as to
decrease collisional quenching of 2AP by the flanking bases.
For APA/TFT,τ123numdecreases slightly upon Ca2+ binding,
implying that cation binding increases 2AP quenching in this
oligo. Thus, the changes in structure and dynamics of the
closed state due to the bound ion differ depending on the
sequence of the oligo. The average lifetimeτ4 of the open
state is invariant to [Ca2+] in both oligos, as would be
expected for an extrahelical base. While certain kinetic

parameters are highly cross-correlated in the data analysis,
the fractional populations of the closed (R1 + R2 + R3) and
open (R4) states are well-determined, as are their respective
lifetimes τ123numandτ4.

The intensity decays reveal the basis for the much larger
Ca2+-dependent increases inτnum and fluorescence intensity
(shown in Figure 1) for AFA/TPT than for APA/TFT. For
both oligos, the lifetime of the open state is approximately
10 ns. However, for AFA/TPT, the average lifetimeτ123num

of the closed state ranges between 0.3 to 0.7 ns as a function
of [Ca2+]; for APA/TFT, τ123num is approximately 2 ns.
Furthermore,R4 increases by 0.19 between the Ca2+-free and
Ca2+-bound states of AFA/TPT but only increases by 0.08
between the corresponding states of APA/TFT. Thus, the
difference in the amplitude of the fluorescence changes
shown in Figure 1 arises from the combination of a more
quenched closed state and a greater Ca2+-dependent increase
in the population of the open state for AFA/TPT than for
APA/TFT.

The observation of static quenching (Table 2) in both
abasic-site oligos implies that there is actually a third state
in which 2AP opposite the abasic site is stacked with the
flanking bases. The relief of static quenching upon Ca2+

binding (shown in Figure 1) is consistent with a shift in the
equilibrium between this stacked state and the open state.

Table 3: Intensity Decay Parameters for Oligos

sample R1 R2 R3 R4 (( 0.01)a τ1 (ns) τ2 (ns) τ3 (ns) τ4 (ns) (( 0.1)c τnum (ns) τint (ns)

d2APNb 1.000 10.2 10.2 10.2
AFA/TPTN 0.798 0.135 0.026 0.041 0.19 0.62 2.4 10.1 0.72 6.17
AFA/TPTC 0.309 0.337 0.122 0.232 0.19 0.62 2.4 10.1 2.90 8.41
ATA/TPTN 0.473 0.447 0.080 0.05 0.45 0.92 0.29 0.53
APA/TFTN 0.186 0.225 0.574 0.016 0.13 0.93 3.2 9.7 2.22 3.41
APA/TFTC 0.248 0.182 0.466 0.104 0.13 0.93 3.2 9.7 2.70 5.43
APA/TTTN 0.934 0.042 0.030 0.19 1.2 5.1 0.38 2.32

a The listed uncertainties inR4 andτ4 are estimated from data fitting. Uncertainties are not listed for the other three preexponential factors or
lifetimes because these parameters are highly cross-correlated in the analysis. However, the uncertainties in the sum (R1 + R2 + R3) andτ123numare
equal to those inR4 andτ4, respectively (see the text).b The letters N and C indicate buffer conditions of 0 mM CaCl2 and 20 mM CaCl2, respectively.
c The goodness-of-fit is not improved for the intensity decays of either of the two undamaged oligos by addition of another exponential term. The
values ofτnum andτint are invariant upon addition of subsequent exponential terms for all data sets.

FIGURE 2: Preexponential factorsRi for AFA/TPT as a function of
[Ca2+]. The sumR1 + R2 + R3 (circles) is plotted relative to the
left-hand axis, andR4 (triangles) is plotted relative to the right-
hand axis. The dashed lines are interpolations between data points
only.

FIGURE 3: Number average of the three shorter lifetimesτ123numas
a function of [Ca2+] for AFA/TPT (circles) and APA/TFT
(triangles). The dashed lines are interpolations between data points
only.
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Thus, three conformations of the opposite base can be
distinguished by the combination of steady-state and time-
resolved fluorescence measurements: intrahelical stacked,
intrahelical unstacked, and extrahelical. The fractional popu-
lation of the first of these states isfstacked (Table 2); the
populations of the other two states may be derived by scaling
the relative amplitudesR1 + R2 + R3 andR4 by a factor of
(1 - fstacked). From these equilibrium populations, the free
energy differences between the three states may be deter-
mined. For example, for AFA/TPT in the absence of Ca2+,
the fractional populations of the stacked, unstacked, and open
states are 0.53, 0.45, and 0.02, respectively. Thus, the
unstacked state is marginally less stable than the stacked
state, and the open state is approximately 2 kcal/mol higher
in energy than either. In the presence of saturating Ca2+, the
fractional populations are 0.38, 0.48, and 0.14 for stacked,
unstacked, and open, respectively. The two intrahelical states
remain nearly isoenergetic, but the open state is only 0.7
kcal/mol higher in energy than the others. Thus, Ca2+

binding, for which the free energy change is-3.3 kcal/mol,
shifts the conformational equilibrium 1.3 kcal/mol toward
the open state. The free energy differences between states
for APA/TFT in both the presence and absence of Ca2+ are
on the same order of magnitude as those for AFA/TPT.

KI Quenching. The accessibility of 2AP opposite an abasic
site to the solute quencher acrylamide has been shown to
increase upon binding of divalent ions by steady-state
fluorescence (9). This result is consistent with the shift from
closed to open conformational states upon Ca2+ binding that
is proposed above. To test the assignment of fluorescence
lifetimes to conformational states, this solute quenching
experiment was repeated by the time-resolved method. This
experiment was performed using KI as the added quencher
to avoid possible complications associated with binding of
acrylamide to DNA and was performed in the presence of
saturating Ca2+ (30 mM) to maximize the contribution ofτ4

to the signal. Figure 4 is a Stern-Volmer plot of the changes
in the individual lifetimes as a function of [KI], which shows

that τ4 is significantly more sensitive to the presence of
quencher than are the other three lifetimes. Whileτ4 is
quenched with a bimolecular rate constant of 1.5( 0.1 ×
109 M-1 s-1, the changes in the other three lifetimes are
negligible. In a global analysis, these three lifetimes all could
be maintained at constant values over the entire range of
[KI], implying that they are essentially insensitive to the
quencher. However, analyses in whichτ4 is held constant
are not statistically acceptable. These results strongly support
the model thatτ4 represents the fluorescence decay of an
extrahelical base, while the three shorter lifetimes represent
the decay of 2AP in an intrahelical conformation.

UDG Binding. In crystal structures ofE. coli UDG
complexed to abasic-site DNA, the base opposite the abasic
site is intrahelical (27, 31). Therefore, addition of UDG to
abasic-site oligos is expected to shift the population of
conformers toward the intrahelical state. For oligos contain-
ing 2AP, the fluorescence properties should change to reflect
the new conformational equilibrium. Figure 5 shows the
fluorescence intensity changes for AFA/TPT as a function
of [UDG] in both the presence and absence of divalent cation.
For both Ca2+-free and Ca2+-bound oligos, the enzyme
causes a saturable decrease in 2AP fluorescence. Fitting of
these curves to a general two-state binding model (eq 6)
yields apparent equilibrium dissociation constantsKd

app of
2.9 µM at 0 mM Ca2+ and 4.2µM at 18 mM Ca2+. The
apparent dissociation constant is employed because the
contribution of nonspecific UDG-DNA binding to the
observed isotherm has not been determined. These values
agree well with those previously determined for this interac-

FIGURE 4: Stern-Volmer plot of changes in lifetime components
for AFA/TPT as a function of [KI]. The four data series represent
the ratioτ0/τ for each of the four lifetime componentsτ1 (triangles),
τ2 (x’s), τ3 (squares), andτ4 (circles), respectively. The line
represents a fit of eq 7 to the data forτ4 with kq ) 1.5× 109 M-1

s-1 andτ0 ) 9.9 ns.

FIGURE 5: Steady-state fluorescence intensity for AFA/TPT as a
function of [UDG]. The three series represent one titration
performed at 0 mM Ca2+ (triangles) and two separate titrations
performed at 30 mM Ca2+ (circles and diamonds). The [DNA] in
each titration is approximately constant. The [DNA] in the titration
at 0 mM Ca2+ is 16 µM, and in each of the titrations at 20 mM
Ca2+ is approximately 6.5µM. Each data set is scaled to an initial
value of one. The lines represent fits of eq 5 to the data (withY in
eq 5 substituted by eq 6). In the absence of Ca2+, Kd ) 2.9 µM
[1.5 µM, 4.8 µM], and in the presence of Ca2+, Kd ) 4.2 µM [3.3
µM, 5.2 µM]. The numbers in brackets represent the 95%
confidence intervals forKd estimated from the dispersion of
experimental data points around the fitted functions.
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tion by other methods. The decrease in fluorescence intensity
upon UDG binding is consistent with a shift in the confor-
mational equilibrium toward the more quenched intrahelical
state. The amplitude of the UDG-dependent intensity change
is greater in the presence of Ca2+, as would be expected
because the open state is more populated when the oligo is
bound by divalent ion. The negligible difference in UDG-
DNA binding constant between Ca2+-free and Ca2+-bound
states is consistent with the small changes in equilibrium
populations of the various conformers due to divalent cation
binding.

The changes in intensity decay kinetics agree with the
proposed shift toward the closed state upon binding of UDG.
Figure 6 shows the changes inR1 + R2 + R3 andR4 with
increasing UDG at 18 mM Ca2+. The fractional amplitudes
of the three short-lifetime components increase, and that of
the long lifetime decreases, consistent with a shift toward
the closed state. The values of all four lifetimes show no
change over the protein concentration range shown. The data
in Figure 6 are shown for a maximum [UDG] of 10µM,
because the protein fluorescence becomes a significant
interference above this value. UDG has six tryptophan (Trp)
residues, several of which are buried in the hydrophobic core
of the protein (48). The absorption spectra of such buried
Trp residues are characteristically shifted to longer wave-
lengths, so that even at 309 nm their extinction is significant
(43). The combination of this red-shifted absorption, the low
quantum yield of the oligo (Table 2), and the relatively high
quantum yield of UDG (data not shown) ensure that it is
impossible to avoid the protein fluorescence at higher enzyme
concentrations. Consequently, the intensity decays cannot be
interpreted solely in terms of 2AP fluorescence. It should
be noted that UDG fluorescence does not affect the inter-
pretation of the steady-state intensity changes shown in
Figure 5, because these data are excited at 325 nm, where

the Trp absorption is much less than at 309 nm (the excitation
wavelength for the time-resolved experiment).

In summary, the UDG-dependent changes in fluorescence
intensity and decay kinetics are consistent with an increase
in the population of the closed state, in agreement with the
conformation observed in crystal structures. Interestingly, the
changes inτnum with increasing [UDG] are directly propor-
tional to the steady-state intensity changes. Therefore, there
is no increase in static quenching upon UDG binding,
implying that the protein favors the closed, unstacked state
of the opposite base.

DISCUSSION

The recognition of DNA damage may depend on both the
unusual conformation (structure) and the susceptibility to
particular deformations (dynamics) of the damaged site. In
this study, we have demonstrated on the basis of steady-
state and time-resolved fluorescence properties that abasic-
site DNA exists in a mixture of conformational states free
in solution that differ in the location of the opposite base.
The equilibrium between the open, closed stacked, and closed
unstacked states of the opposite base can be detected by the
differing fluorescence properties of 2AP in this position. The
open state is not quenched by collisions with the neighboring
bases, but is accessible to the solute quencher KI. The closed
unstacked state is quenched by the DNA bases, but not by
KI. The closed stacked state is statically quenched by base
stacking interactions. The characteristics of the three con-
formational states are elucidated by perturbing the equilib-
rium between them upon addition of Ca2+ or UDG.

The observation of conformational heterogeneity of the
free abasic site has significant implications for the specific
recognition of this site by repair enzymes. The DNA
deformations required by these enzymes in complex with
abasic-site DNA are severe and in the case of endo IV
includes opposite-base flipping (29). The free energy dif-
ferences between open and closed states are fairly small: less
than 1 kcal/mol in the presence of saturating divalent ion.
Therefore, only a small energetic penalty is required for a
repair enzyme to flip the base opposite the abasic site either
in or out of the helix. An enzyme could drive the DNA to
its preferred conformation with little difficulty, regardless
of whether that conformation was more similar to the open
or closed states of the free DNA. In contrast, the absence of
the open state in the undamaged oligos implies that the
energetic cost of deforming undamaged DNA is relatively
greater than for abasic-site DNA. Therefore, the conforma-
tional heterogeneity observed in this study suggests roles for
both equilibrium structural deformation and enhanced dy-
namic deformability in the recognition of abasic sites by
repair enzymes.

The assignment of intensity decay lifetimes to conforma-
tional states is enabled by divalent cation-induced changes
in the populations of these states. The observation of these
effects raises the question of whether divalent cations might
play some role in regulating the interactions of repair proteins
with abasic-site DNA. We consider such a regulatory role
unlikely, for two reasons. First, the shifts in conformational
equilibria due to Ca2+ binding are fairly small and do not
alter the primary fact that the three conformers are fairly
close to each other in energy. For example, the fractional

FIGURE 6: Preexponential factorsRi for AFA/TPT as a function of
[UDG] at 20 mM Ca2+. The two data series representR1 + R2 +
R3 (circles) andR4 (triangles), respectively. The dashed lines are
interpolations between data points only. The [DNA] is ap-
proximately constant at 6.5µM.
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population of the open state of AFA/TPT increases only from
0.04 to 0.23 upon Ca2+ binding, and consequently the affinity
of UDG for the abasic site is practically unchanged. Second,
in a living cell, the DNA will in all probability be bound
constitutively by Mg2+, which is present at a physiological
concentration of approximately 30 mM (49). Even given the
presence of numerous competing Mg2+ binding sites in the
cell, this concentration is probably sufficient to saturate any
available abasic sites. Consequently, changes in total divalent
cation concentration, such as in Ca2+ bursts, are not expected
to change the conformational equilibrium of the already
saturated abasic site significantly.

In addition to shifting the conformational equilibrium
toward the open state, Ca2+ binding also causes a change in
the structure and/or dynamics of the closed state. The nature
of this change depends on the sequence context of the abasic
site: in AFA/TPT the dynamic quenching of 2AP decreased
significantly, while in APA/TFT it slightly increased. These
changes in quenching could arise from a change in equilib-
rium structure, a change in the amplitudes and character of
base motions, or a combination of the two. A recent
computational molecular dynamics study of an oligo with
sequence similar to AFA/TPT found that Mg2+ binding both
bent and rigidified the DNA in the vicinity of the abasic
site (50). Therefore, both structural and dynamic changes
appear to contribute to this effect.

In undamaged DNA, 2AP is found to exist in a mixture
of stacked and unstacked states. The fractional population
of the stacked state differs in the two oligos examined,
implying that the structure of undamaged DNA varies locally
with sequence. Furthermore, the efficiency of dynamic
quenching also differs between these two oligos but is not
proportional to the static quenching. The lack of correlation
between stacking and base collision rates provides strong
evidence in favor of the proposition that the dynamics of
DNA varies locally with base sequence. The full extent of
this variation cannot be determined without measuring the
static and dynamic quenching of 2AP in a number of
sequence contexts. It should be noted that the two sequences
employed in this study are both fairly unusual. In APA/TTT,
the fluorophore is embedded in the middle of an A-tract nine
residues in length; A-tract sequences have been reported to
have an intrinsically curved structure (51). In ATA/TPT, the
2AP:T base pair forms the junction between two A-tracts
three and five base pairs in length, respectively; such
junctions also could possess unique properties. Studies are
underway to characterize the sequence dependence of
dynamic and static quenching interactions in a systematic
manner, and to relate these spectroscopic properties to other
measures of sequence-dependent DNA structure and dynam-
ics.

The complex intensity decay kinetics of 2AP in both the
closed state of abasic-site DNA and in undamaged DNA arise
from some mechanism that is currently unknown. Although
these decays are empirically fit by an sum of three expo-
nentials, it is quite possible that the true kinetic model takes
a very different functional form. In the preceding paper in
this issue, it is shown that high concentrations of nucleosides
can induce complex “multiexponential” intensity decay
kinetics for 2AP free in solution. These data are consistent
with a model of collisional quenching in the limit in which
transient diffusional effects become important. On the basis

of these results, we speculate that the complex decays of
2AP in DNA may arise from a mechanism in which the rate
of quenching due to base collisions is modulated by the rapid
internal dynamics of the DNA. As discussed in the preceding
paper in this issue, it is possible that considerably more
information about DNA dynamics is present in the decay
data than we currently utilize.

Using 2AP fluorescence, it is possible to identify and
characterize molecular states that are difficult to detect by
other methods (e.g., solution NMR) and to quantify the
relative populations and energies of these states with high
precision. It is apparent that the bulk of this information can
be obtained only through the combination of steady-state and
time-resolved fluorescence measurements. It should now be
possible to apply this algorithm to obtain detailed dynamic
and thermodynamic information about many DNA and RNA
sites of biological interest.
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