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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. (1998Nucleic Acids Re26, 383744]. 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
guenching 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 3 and 3-thymines than in the context of-5and 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
guenching 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 consequently is highly mutagenig, @). In BER, abasic sites
both spontaneously and as intermediates in the base excisiomre created by the cleavage of the glycosidic bond between
repair (BER} of damaged or modified baseg, 2). The a modified base and the backbone deoxyribose. This reaction
abasic site is labile, being vulnerable to reactions leading tois catalyzed for each type of damaged base by a damage
both single-stranded and double-stranded breaks in DNA andtype-specific DNA glycosylase5( 6). Both spontaneously
arising and enzyme-generated abasic sites are resolved by
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d2AP, 2-amino-9-deoxyribosylpurine; UD@&scherichia coliuracil In the case of the glycosylases, it has been proposed that

DNA gylcosylase; AIKA,E. coli alkylated base glycosylase; endo IV, L . .
E. coli endonuclease IV; HAP1, human apurinic/apyrimidinic endo- this binding affinity exists because the bound enzyme protects

nuclease I; endo V, bacteriophage T4 endonuclease. the abasic site from chemical or enzymatic reactions resulting
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in strand-cleaved productd1). In contrast, the AP endo- and the opposite base intrahelical). Similar features are
nucleases require specific high-affinity binding to differenti- observed in the complex of the alkylated-base glycosylase
ate their substrate sites from the vast excess of undamagedIkA with its product abasic site: in this structure, the DNA
DNA present in the cell. For both classes of enzyme, it has is kinked, the abasic deoxyribose is flipped-out, and the
been proposed that high-affinity binding to this damaged site opposite base is intrahelica2§).
arises in part from the susceptibility of the abasic site to  Endo IV and HAP1 typify the two known families of AP
particular structural deformations, including DNA kinking endonucleases, which are defined by both sequence and
and “flipping” of both the abasic sugar and the opposite base structural similarities Z). In both enzyme-abasic site
(12, 13). These hypotheses have been suggested by structuratomplexes, DNA kinking and flipping of the abasic sugar
studies of abasic site-repair enzyme complexes that showare observed. In the HAP1 complex, the opposite base is
such deformations (as reviewed below). However, no direct intrahelical 80). However, in the endo IV complex, the base
measurement of the conformational flexibility of the abasic opposite the abasic site also is flipped out of the hedi®).(
site in solution has been reported. In this study, we utilize The catalytic residues approach the abasic site through the
the fluorescence of an incorporated base analogue, 2-amispace vacated by the flipped-out base.
nopurine, to probe the conformation and dynamics of abasic  Flipping of the opposite base also has been observed in
site DNA. the cocrystal structure of the bifunctional glycosylase-lyase
Numerous structural studies of abasic site DNA have beenendonuclease V (endo V) of bacteriophage T4 with its
performed by nuclear magnetic resonance (NMR) methods primary substrate, a cyclobutane thymine din&2)( Endo
(14—26). The species studied have included the@oxyri- V, which has no sequence similarity to any other known
bose abasic site that is generated in BER—20, 23, 25, protein, catalyzes the cleavage of both the glycosidic bond
26), the chemically stable tetrahydrofuran (THF) analogue and the 5phosphodiester bond of théf®sidue of a thymine
of this site @1, 22), and the alternative’ 2leoxyribonolactone  dimer @33). In the cocrystal structure of a catalytically
site @4), which is produced in vivo by some types of inactive mutant of endo V with its substrate, the DNA is
chemical damage. Investigations of tHed2oxyribose site  kinked, the adenine opposite thetBymine of the dimer is
have revealed that the abasic sugar exists as an equilibriunflipped out of the helix, and the catalytic residues approach
mixture ofa- andp-hemiacetals, indicating that there is some the thymine dimer through the space vacated by this base.
conformational heterogeneity at this si20(26). A single However, unlike the endo IV complex, in which the flipped-
study indicated that the base opposite the abasic site waut base makes no binding contacts with the protein, in the
sometimes found in an extrahelical conformation or in a endo V complex the extrahelical base sits in a cavity within
mixture of extrahelical and intrahelical conformations, the enzyme. These features of the endo V substrate complex
depending on the identity of the basb4). However, the also may exist in the intermediate statbe complex with
majority of the reported structures of abasic species havethe abasic siteand the product complex.

revealed none of the gross deformatiefNA kinking, In summary, the structures of repair enzynaNA
deoxyribose flipping, opposite-base flippirthat are ob- complexes suggest either that the abasic site is intrinsically
served in complex with repair enzymes. deformed from the normal helical structure of DNA or that

Four different complexes between a repair enzyme andit is readily susceptible to protein-induced deformations. The
an abasic site have been determined by X-ray crystal-types of deformation that are observed consistently include
lography. The enzymes includiescherichia coluracil DNA DNA kinking, compression of the major groove, abasic-sugar
glycosylase (UDG)Z7), E. coli alkylated-base glycosylase flipping, and in some cases opposite base flipping. In contrast
AlKA (28), E. coli endonuclease IV (endo 1V)20), and to these highly deformed enzym®NA complexes, the
human AP endonuclease | (HAP1, APE1, ortg{30). The majority of NMR structures of abasic sites free in solution
structures of the abasic-site DNA in these complexes displayreveal no kinking, sugar flipping, or opposite-base flipping,
both common and unique features. In all four protddiNA suggesting that the deformations are induced upon binding
complexes, the DNA is sharply kinked at the damaged site, of the repair enzymes.
with accompanying compression of the major groove. In each  Other evidence, however, suggests that the abasic site may
case, kinking appears to allow binding contacts to be formed undergo some or all of these deformations even in the
between the protein and the phosphate backborend 3 absence of repair enzymes. One NMR study observed two
to the abasic site. However, the local DNA conformation is conformational states that differed at the position of the base
unigue to each enzyme. opposite the abasic sité4). Features of the proton spectra

UDG is the prototypical damage-specific repair glycosy- suggested that these two states represented intrahelical and
lase, which exists to remove uracil from DNA)( In extrahelical bases. The fractional population of these states
complex with UDG, uracil “flips” out of the DNA helix and  differed according to the identity of the opposite base.
into a cavity within the protein that contains the catalytic Consistent with this result, fluorescence measurements of
residues. The structure of UDG complexed with a noncleav- abasic site DNA employing the highly fluorescent adenine
able substrate analogue demonstrates DNA kinking, flipping analogue 2-aminopurine (2AP) in the position opposite the
of the abasic sugar, and flipping of the opposite b&@. ( abasic site have suggested that these sites undergo a
The abasic site is the product of the glycosidic cleavage conformational change upon binding of divalent catid®)s (
catalyzed by UDG. The affinity of UDG for the abasic Addition of C&", Mg?", or Mn?" to these labeled oligo-
product is in the micromolar rang®)( and the product nucleotides induced a large, saturable increase in 2AP
complex has been reported to dissociate slowly, with a rate fluorescence intensity, with an accompanying increase in the
constant of 0.2 at 15°C (11). The DNA is kinked in this susceptibility to collisional quenching by added acrylamide.
complex, with the abasic sugar in a flipped-out conformation These results are consistent with a conformational change
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as previously describe®). The concentration of UDG was

Table 1: Abasic-Site Oligonucleotide Sequerices f ) >
estimated from the UV absorption spectrum assuming

name sequence €280nm= 38 500 Mt cm™L. This extinction coefficient was
AFAITPT ggggg?gﬁfrﬁﬁ@rﬁé@%%%%@ determined by the LINCS metho®®). DNA and protein
APA/TET 5-GCGGCCAMPAAAAAGCGC/ stock solutions were prepared in a buffer of 20 mM-HiSI,
5-GCGCTTTTTETTTGGCCGC 60 mM NaCl, 0.1 mM NgEDTA, with pH adjusted to 7.5
ATA/TPT 5-GCGGCCAMTA AAAAGCGC/ by addition of HCI. Buffer salts were purchased from Sigma
5-GCGCTTTTTPTTTGGCCGC i it
APAITTT 5-GCOGCCAMPAAAAGCOL] and. usgd Wlthqut further pl.Jr|f|cat|on'. . .
5-GCGCTTTTITT TTGGCCGC Titrations Oligos were titrated with divalent cation at
aF = tetrahydrofuran (THF); P= 2-aminopurine (2AP). constant ionic strength either by serial addition of aliquots

of 20 mM trisHCI, 20 mM CaC}, 0.1 mM NgaEDTA, pH
shifting the fluorescent base to an extrahelical position. This 2diusted to 7.5, to oligo samples in the previously described

conformational state may not be detectable in NMR studies 80 MM NaCl buffer, or by mixing samples in these two
because only a small fractional population of molecules may Puffers that were equal in DNA concentration. For titration
occupy this state at equilibrium. However, even a 10% with potassium iodide (KI), oligos were prepared in a buffer
population of a base-flipped state would have significant ©f 20 mM trisHCI, 30 mM CaCj, 200 mM KClI, and
implications for the thermodynamics and kinetics of the 0-1 MM NaEDTA, pH 7.5. KI was introduced by serial
interactions of repair enzymes with the abasic site. additions of a solution of 20 mM trisiCl, 30 mM CaC},

To characterize further the conformational states of the 200 MM KI, and 0.1 mM NgEDTA, pH 7.5. The KI stock
abasic site, we have performed steady-state and time-resolvegolution was kept in the dark and contained a small quantity
fluorescence measurements of 2AP in abasic-site DNA. The©f sodium bisulfite to retard oxidation. New Kl stock was
interpretation of fluorescence lifetimes and relative quantum Prepared each day.
yields in these experiments is based on the model of the Fluorescence SpectroscoSteady-state and time-resolved
guenching interactions of 2AP in DNA that is developed in fluorescence measurements were performed essentially as
the preceding paper in this issue. By measuring the fluores-described in the preceding paper in this issue. Samples were
cence changes in response to the addition of divalent cationscontained in 3x 10 mn? quartz-windowed fluorescence
solute quencher, and UDG, we are able to identify two microcuvettes; these cuvettes enable measurement of samples
conformational states: one in which the opposite base is as small as 5@L. Relative quantum yields of oligos were
intrahelical and another in which it is extrahelical. Both of estimated by comparison with the fluorescence of 2-ami-
these states show significant fractional occupation at all nopurine deoxyribonucleoside (d2AP), which was the gift
concentrations of divalent ion. This result suggests that repairof Professor Lawrence C. Sowers (City of Hope National
enzymes such as endo IV may recognize a preexistingMedical Center). The excitation wavelength for all steady-
deformed state of abasic-site DNA and |mp||es that the lower state and time-resolved fluorescence experiments was
energetic cost of deforming the damaged site relative to 309 nm, except as noted below. For determination of relative
normal DNA may contribute to the specificity of such quantum yields, excitation was at 325 nm to minimize the
enzymes. absorption of the DNA bases. The extinction coefficient for

the nucleoside was assumed to be equal to that of 2AP
MATERIALS AND METHODS incorporated into DNA. For titrations with UDG, fluores-

Oligonucleotides and Other MaterialSingle-stranded 19-  cence excitation was performed at 325 nm to avoid the

mers containing normal DNA bases, 2AP, and THF were tryptophan absorption of the protein.

synthesized as previously describ@). (The sequences of Fluorescence Decay Data AnalysiEime-resolved fluo-

the four double-stranded (ds) oligonucleotides (oligos) rescence data were analyzed by a standard reconvolution
employed in this study are listed in Table 1. Oligos are named procedure 37) using nonlinear regressior3§). The fluo-
according to their central three bases: e.g., APA/TTT, where (ascence intensity decay was fit to a sum of exponentials:
the two three-letter names represent the central sequence read

5 to 3 on each strand. In this one-letter code, 2AP is n
indicated by P, and the THF abasic site analogue indicated I(t) = Zaie—ﬂfi 1)
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- where the preexponential factoos are the amplitudes of
trated on Centricon 3 spin filters (Millipore). Oligos were each component, and are fluorescence lifetimes. Certain
annealed by heating a solution of approximately 0.5 mM analyses of titration data were performed using a global
[ssDNA] to 90°C for 5 min, then allowing it cool to room  procedure with lifetimes; as common parameter3g, 40).
temperature over the course of@h. Double-stranded oligos  |n cases where a single-exponential term was not adequate
were separated from excess ssDNA by FPLC on a MonoQ to fit the observed kinetics, number-averaged and intensity-

5/5 column using a similar protocol as for purification of averaged fluorescence lifetime&l) were computed, respec-
the ss oligos. Absorption spectra were collected for all tjvely, according to

samples using a Hitachi U-3210 UV/vis dual beam spectro-

photometer. Sample concentrations were computed from the n n

absorbance at 303 nm assumiggs nm = 6000 M cm? Thum = Zairi/Zai (2)
for 2AP in DNA (35). E. coliUDG was purified and assayed = i=
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n . of quencher, respectively)] is the Kl concentration, and
T = > O T/ ) 4T 3 kq is the bimolecular quenching rate constant {\1).

. . RESULTS
The value oftnum is proportional to the steady-state fluo-

rescence intensity (in the absence of_ static quenching). The The local conformation of DNA abasic sites free in
value ofziy represents the average time that a fluorophore solution may be an important determinant of the specific

exists in the excited state. . recognition of such sites by DNA repair proteins. Steady-
Binding Data Analy5|53|nd|ng of C&*+ o oligos was state fluorescence measurements have suggested that a
analyzed according to a simple hyperbolic isothed#):( conformational change occurs upon binding of divalent

cations Q). The fluorescence of 2AP opposite an abasic site
_ Ka[Ca2+] in dsDNA was observed to increase saturably upon addition

- m (4) of (_3a2+, Mg”_, or Mr?+, Th_is_(_:hange was accompanied by
a an increase in the accessibility of the fluorophore to added

wherekKj, is the association constant a¥ds the fraction of solute quencher (acrqumide), implying that_ th? DNA had
calcium-bound DNA: [DNAJound ((DNA] sound+ [DNA] fed)- underg_one a cpnformgnonal change upon tl)lind[ng of one or
This analysis assumes that the interaction of'Gaith the more divalent ions. Thls change in apcessmlllty.ls consistent
oligo is a simple two-state process. The bound fracton with the 2AP opposite the abasic site occupying an extra-

was related to the relative fluorescereé, according to helical conformation, although |t_also conceivably <_:ou|d arise
from a more subtle change in the conformation of an

F BDooun intrahelical base.
|:_O= 1-Y1- Prree ®) Further insight into the character and energetics of the

conformational states of abasic sites can be obtained from
and ¢uounddrree is the ratio of the relative quantum yields these data is greatly enhanced by the model of 2AP
of bound and free states. Because the quantum yields entefluénching in DNA that is developed in the preceding paper
eq 5 as a ratio, it is not necessary to employ the absoluteil this issue and briefly summarized here. The fluorescence
values 0fguound and dree. Therefore, in these analyseSiee of 2AP is sensitive to both dynamic quenching, which
was fixed equal to one, and oneunsandK. were iterated  reduces the intensity decay lifetime and the steady-state
parameters. To extract binding constants from time-resolvedduantum yield proportionately, and static quenching, which
TnumoMay be substituted foE/Fo in eq 5. Both of these effects arise from interactions between 2AP
Binding of UDG to abasic-site oligos cannot be described and the other nucleic acid bases. Dynamic quenching of
by the simple hyperbolic isotherm eq 4 because neither fluorescence is mediated with high efficiency by collisions
protein nor DNA concentration remains constant over the Petween 2AP and each of the other bases, and static
course of the titration. Therefore, these data were fitted to duenching is mediated by the formation of aromatic stacking

the general two-state isotherm2j complexes between the bases. The intrinsic efficiency of
guenching due to either of these interactions does not vary
Y= significantly between the normal DNA bases free in solution.

Ple + Dl 4+ K.) — «/(IPl< + [Dl< + K&"2 — 4[P1.[D Furthermore, hydrogen bonding does not appear to affect
([Pl + [DI; J \/([ Z][ZD] (D il [P1s{DI; either the lifetime or the quantum yield of 2AP. Therefore,
z

the combination of steady-state and time-resolved data may
(6) be interpreted in terms of the interactions of the fluorescent

where Y is the fraction bound, HJs is the total UDG base in DNA with the flanking residues only, giving insight
concentration, ]s is the total DNA concentration, and !nto_both local structure_gn_d dynamics. S_tatlc guenching
KS is the apparent dissociation constant for their interac- implies that the ocal equilibrium conformation of the DNA
tion. The apparent dissociation constant for the interaction allows stacking of the pa;es. Dyrllamlc. quenchlng.depends
of UDG with the abasic site is employed because the on the rate of base collisions, which will be sensitive both
contribution of nonspecific UDGDNA binding to the to the equilibrium conformation of the DNA, the mean

observed isotherm has not been determined. The boundJSARSS TCeeh #1 I, 0T (8 TERTANNG Paces, ST 0
fraction Y was related to the relative fluorescenEéq Y ’ )

according to eq 5. In these analyses, as in the analysis of Four dsDNA 19-mers were designed for time-resolved
Ca* binding, ¢ree Was assumed to equal one, afgungand fluorescence experiments. The sequences of these oligos are
Kq Were iterated parameters. listed in Table 1. In the text and flgl_Jres, the oligos are namgd
Fluorescence Quenching Data AnalysBluorescence  according to the sequence of their three central base pairs.

lifetimes from KI quenching titrations were fitted to the TWo of these oligos contain the THF abasic-site analogue.
Stern-Volmer equation 43) for analysis of collisional ~AFA/TPT contains THF (F) flanked by 5and 3-adenines,
quenching opposite 2AP (P) flanked by band 3-thymines; this oligo

is identical to the one employed in the previous steady-state

Tyt =1+ k7o[Q] (7 fluorescence study9). The second THF-containing oligo

contains the central sequence APA/TFT; this oligo is identical

wherery andr are the lifetimes in the absence and presence to AFA/TPT except that the THF and 2AP are switched
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Table 2: Relative Quantum Yields and Number-Average Lifetimes ©Of base collisions may be greater in the former. This
of Oligos difference in collision rates could arise from a difference

between oligos in the equilibrium distance separating 2AP

sample Tnum (NS Trell f . . - .

d2APp - P 10";1(0 )10 . il 5 stacked and the flanking bases, in the amplitude of local motions, or
AFA/TPT 003340003 072010 213024 053012 in both. However, an increase in the average basse _
ATA/TPT 0.023+ 0.003 0.29+0.10 1.22+0.41 0.18+ 0.16 distance should be accompanied by decreased stacking
APA/TFT 0.168+0.003 2.22-0.10 1.29+0.06 0.22+0.02 interactions, in disagreement with the observed greater static
APA/TTT 0.015+0.003 0.38£0.10 2.45+0.52 0.59+0.25 quenching in APA/TTT. Therefore, the difference in dynamic

aRelative quantum yield of d2AP is taken as one by definition.  quenching efficiency suggests that the amplitudes of the local
motions giving rise to base collisions are greater in ATA/
between strands. These A:T-rich sequences were employed PT than in APA/TTT.
based on a previous report that such sequences are relatively The efficiency of dynamic quenching is clearly diminished
better substrates for UDG than other sequences are. Comin both of the abasic-site oligos relative to their undamaged
parison between these two sequences enables an investigatidmomologues. This decrease in base collisions is consistent
of the sequence dependence of the conformation of the abasiavith the partial population of a conformational state in which
site and also allows comparison of the relative quenching the fluorescent base is flipped out of the DNA helix. As in
effects of adenine and thymine on 2AP. The THF analogue, the undamaged oligos, the efficiency of dynamic quenching
which is more stable than thé-@eoxyribose abasic site, was is greater for 2AP flanked by thymines,(n= 0.78+ 0.1 ns
employed for these studies. The THF abasic site demonstrate§or AFA/TPT) than by adenines{um = 2.22+ 0.1 ns for
very similar fluorescence changes upon addition of divalent APA/TFT). However, the abasic site changes base stacking
cation @). No oligos were examined in which 2AP was in opposite ways in the two sequence contexts: the extensive
situated in other positions relative to the abasic site, e.g., static quenching of 2AP in APA/TT Trfe/¢prel = 2.45+ 0.52)
adjacent on the same strand, because no change was observégirelieved in APA/TFT el = 1.29 + 0.06), but the
in the steady-state fluorescence of such oligos upon additionmoderate (or absent) static quenching of 2AP in ATA/TPT
of divalent cationsg). To investigate the differences between (tre/¢rel = 1.224 0.41) is enhanced in AFA/TP T/ ¢rel =
abasic-site and undamaged DNA, the undamaged oligos2.31 + 0.24). These results imply that the presence of the
ATA/TPT and APA/TTT also were studied. These two oligos abasic site changes the local conformation and dynamics of
are identical to the two abasic-site oligos except that THF is DNA in a sequence-dependent manner.
replaced by thymine. C&* Titrations Further information about the conforma-
Static and Dynamic Quenching in DNBteady-state and  tion of abasic-site DNA can be derived from the perturbation
time-resolved fluorescence experiments were performed forof 2AP fluorescence by the effects of added divalent cations.
each of the four oligos described above to determine the Because steady-state fluorescence of 2AP previously had
mechanisms of fluorescence quenching that are active in eactbeen observed to undergo approximately identical changes
oligo. The number-averaged lifetimg,m (eq 2) and relative  upon addition of C&, Mg?*, or Mr?*, time-resolved
quantum yieldp, observed for each oligo in the absence of experiments performed with any one of these ions should
divalent cations are summarized in Table 2 (and more demonstrate the common response of the abasic site to
detailed discussion of the time-resolved experiments is divalent metal binding. Therefore, in this study divalent ion
provided further below). The extent of dynamic quenching titrations are performed only with €a
(base collisions) is indicated by the decrease,ip relative For the abasic-site oligos AFA/TPT and APA/TFT, both
to the lifetime of d2AP free in solution. In the absence of steady-state fluorescence intensity and average decay life-
static quenching (stacking interactiong)e will decrease times increase saturably upon addition ofGas shown in
proportionally tor,,m however, if there is static quenching, Figure 1. In each case, the relative increase in fluorescence

there will be a disproportionately greater decreasgdrihan intensity is greater than that i, indicating that both static

in Tnum The extent of static quenching may be quantified by and dynamic quenching interactions are relieved by addition
the ratiote/¢rel (Wherety is defined astaunftazap). Alter- of divalent ions. The magnitude of the changetif is
natively, the fraction of oligos in which 2AP is statically approximately 3.5-fold greater for AFA/TPT than for APA/
guenched may be calculated fagcked= 1 — ¢rel [Trel. TFT, and the change in fluorescence intensity is ap-

The values 0fprel, Thum Trel@rel, @NdfsackesSUMMarized in proximately 4-fold greater. The relatively greater increases
Table 2 indicate that 2AP is quenched by both static and in fluorescence intensity than imum upon C&" binding
dynamic mechanisms to differing extents in all four oligos. imply a decrease in the stacking interactions that mediate
These differences imply that the base fluorescence is sensitivestatic quenching. For AFA/TPTsuaceddecreases from 0.53
to effects both of sequence and of the abasic site. Into 0.38; for APA/TFT fsackeadecreases from 0.22 to 0.14.
undamaged oligos, 2AP experiences greater static quenchingon the basis of the absence of fluorescence intensity changes
in the adenine context APA/TTTrk/¢rel = 2.45 + 0.52) upon addition of divalent ions to undamaged DNA2Ca
than in the thymine context ATA/ITPTt&/¢res = 1.22 £ titrations were not performed for the undamaged oligos ATA/
0.41), indicating that there is a greater fraction of stacked TPT and APA/TTT.
bases in the former case. This result is consistent with the The C&"™-dependent changes in both lifetime and intensity
previously published observation that 2AP is stacked in ss are consistent with reversible binding of divalent metal to
poly-A oligos but not in ss poly-T oligos44). However, DNA. Fitting of the lifetime data to a two-state binding model
dynamic quenching of 2AP appears to be slightly more (eqgs 4 and 5) yields equilibrium association constants of 248
efficient in ATA/TPT (Tnum = 0.29+ 0.1 ns) than in APA/ + 20 Mt and 136+ 20 M for AFA/TPT and APA/TFT,
TTT (zaum = 0.38 £ 0.1 ns), suggesting that the frequency respectively. Essentially identical binding constants are
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changes in preexponential factors suggest thatpresents

) one conformational state, which is thermodynamically fa-

vored by divalent ion binding, and the other three lifetimes

5t together represent a second conformer. The absence of the
o 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
A relatively long value ofr, indicates that in this proposed

g state 2AP is not accessible to the quenching actions of the

o other bases. Moreover, the similarity betwegand the free

gzi' d2AP lifetime suggests that in this state the fluorophore may

,-'A/' be completely isolated from the other DNA bases, as would

o be the case if it were flipped out of the helix. In contrast,

: the emission from the other conformational state is character-

.2 ized empirically by three short lifetimes; i.e., it is dynamically

: Yoo ) guenched and decays with complex kinetics, as expected for

Rel. Intensity or Lifetime
w

1 gy 1 1 an intrahelical base.

0 10 20 For both AFA/TPT and APA/TFTz, does not change
[Ca®] (mM) significantly over the full range o concentrations. For
2 gnificantly the full range of Ca trat F

Ficure 1: Relative fluorescence intensifF, and relative number-  APA/TFT, there is no significant change in any of the other
average lifetimer, for abasic-site oligos as a function of [€& three lifetimes either. However, for AFA/TPT,, 75, andts
The four data series afgF, for AFA/TPT (circles), zre for AFA/ each increase moderately with increasing {¢aThese
TPT (triangles) F/Fo for APA/TFT (X's) and e for APA/TET — changes are approximately monotonic and follow the same
(squares). The dashed lines are interpolations between data points .
only. Saturable dependence on fChas do the preexponential

factors. Because the iterated parameters in multiple-

derived from the steady-state data. These very similar binding€XPonential fits of fluorescence intensity decays are known
constants agree well with those previously repor@d ( to be crolss—.cor.relatedff), the observguon of smu_ltaneous
Intensity Decay Kineticshe fluorescence intensity decays phanges in I|.fet|mes and prggxponentlal factors with increas-
of both the undamaged and the abasic-site oligos at aifjca N9 [C& ] raises the possibility that some of those changes
are poorly described by a single-exponential model. TheseMay arise from parameter correlafuon: To reduce the cross-
decays require sums of three and four exponential termscorrelqtlon between recovered kinetic parameters, 'global
(eq 1) to achieve a statistically acceptable fit. This multiple- analysis 89, 40) of decays was performed with the lifetimes
exponential model is only an empirical fit to the data, insofar forced to assume common values at all {Ja Global
as no a priori assumption is made as to the mechanismanalyses in Wh|ch a!l four lifetimes are made common to all
underlying the observed kinetics. The requirement for data sets are statistically acceptable for both oligos, suggest-
multiple exponentials in the analysis is consistent with ing that the apparent €adependent changes i, 72, and
previous reports of the intensity decay kinetics of 2AP in a 7s for AFA/TPT in the analyses of individual data sets are
variety of oligos 45, 46). The values of the lifetimes, the not statistically significant. However, the number average
preexponential factors;, and the average lifetimes.»and of the three short lifetimes;2s.umincreases monotonically
iy are listed in Table 3 for all four of the oligos in the and saturably with increasing €ain both the individual
absence of G4 and for the two abasic-site oligos in a and global analyses for AFA/TPT, as shown in Figure 3.
saturating concentration (20 mM) of &a As has been  Moreover, the values ofizsumat each [C&T] do not differ
mentioned abover,,, is greater for each of the abasic-site significantly between individual and global analyses for either
oligos than for the respective undamaged oligo. The kinetic oligo. The agreement between values obtained from different
parameters in Table 3 reveal that this difference arises fromanalyses implies that2z.wmis well-determined, even though
the requirement for a fourth lifetima in the intensity decays ~ the individual oi’s and zi’s that figure into this average
of the abasic-site oligos, where only three exponential terms lifetime are highly correlated parameters. TheCdepend-
are required in the analysis for undamaged DNA. For both ent increase irrizs.wmimplies that, in addition to shifting
AFA/TPT (r4 = 10.1+ 0.1 ns) and APA/TFT#, = 9.7 £ the conformational equilibrium toward the state represented
0.1 ns), this lifetime is significantly longer than any of the by 74, divalent cation binding also may change the structure
other three and does not change significantly between 0 andand dynamics of the other state (in which the opposite base
20 mM Ca&*. These values do not differ significantly from is apparently intrahelical) so as to decrease 2AP quenching.
the single-exponential intensity decay lifetime of free d2AP In contrast, the lack of Ca-dependence of, strongly
(r =10.2+ 0.1 ns). supports the interpretation that this lifetime represents the
The preexponential factorg; vary systematically with ~ decay of an extrahelical base that is not subject to quenching
increasing [C&, as shown in Figure 2. For both AFA/TPT by neighboring residues. For APA/TFT, the valuerghnum
and APA/TFT oy increases monotonically and saturably with  derived from global analysis decreases slightly upof*Ca
increasing [C&']; in the former case, from 0.04 to 0.23, and binding. This result implies that the structural and dynamic
in the latter case, from 0.02 to 0.10. In a complementary changes induced in abasic-site DNA by divalent cation
change, the sum afy, o, andog for each oligo decreases  binding differ depending on the sequence context in which
over the same range of [ The saturable Ga-dependent  the damaged site exists.
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Table 3: Intensity Decay Parameters for Oligos

sample o o o3 o4 (£ 0.01p 71 (NS) 72 (NS) 73 (NS) 74 (ns) & 0.1y Trum (NS) Tint (NS)
d2APN 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 24 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 2.22 341
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 12 5.1 0.38 2.32

@ The listed uncertainties in, andz, 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 inithe gpra (t3) andrizznumare
equal to those iy andz,, respectively (see the text) The letters N and C indicate buffer conditions of 0 mM Gatid 20 mM CaGl respectively.
¢ 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 ofrtnum and i are invariant upon addition of subsequent exponential terms for all data sets.
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Ficure 3: Number average of the three shorter lifetimegsnmas
a function of [C&"] for AFA/TPT (circles) and APA/TFT
triangles). The dashed lines are interpolations between data points

nly.

FiIGURE 2: Preexponential factors for AFA/TPT as a function of
[Ca2t]. The sumay + o + o3 (circles) is plotted relative to the
left-hand axis, andy, (triangles) is plotted relative to the right-
hand axis. The dashed lines are interpolations between data point
only.

In summary, the time-resolved fluorescence measurementparameters are highly cross-correlated in the data analysis,
suggest that divalent ion binding to abasic-site oligos the fractional populations of the closed, (+ o, + a3) and
apparently perturbs the equilibrium between two conforma- open () states are well-determined, as are their respective
tional states in which the opposite base is in very different lifetimes t123numand za.
environments. The first state is characterized by efficiently  The intensity decays reveal the basis for the much larger
guenched fluorescence emission with complex decay kineticsC&"-dependent increases iqm and fluorescence intensity
requiring three exponential terms to fit. The decay kinetics (shown in Figure 1) for AFA/TPT than for APA/TFT. For
in this state are very similar to those observed in undamagedboth oligos, the lifetime of the open state is approximately
DNA and are consistent with the expected decay of 2AP in 10 ns. However, for AFA/TPT, the average lifetimgsnum
an intrahelical (“closed”) conformation. The second state is of the closed state ranges between 0.3 to 0.7 ns as a function
characterized by unquenched emission with single-exponen-of [Ca2"]; for APA/TFT, Tio30um IS approximately 2 ns.
tial lifetime equal to that of free d2AP. The decay kinetics Furthermoregy increases by 0.19 between the?Géree and
of the unquenched state are consistent with those expectedCa&-bound states of AFA/TPT but only increases by 0.08
of 2AP in an extrahelical (“open”) conformation. For AFA/  between the corresponding states of APA/TFT. Thus, the
TPT, the average decay lifetime,snum Of the closed state  difference in the amplitude of the fluorescence changes
increases with Ca binding, implying that the bound ion  shown in Figure 1 arises from the combination of a more
changes the structure or dynamics of this state so as toquenched closed state and a greatér @@pendent increase
decrease collisional quenching of 2AP by the flanking bases.in the population of the open state for AFA/TPT than for
For APA/TFT,t123numdecreases slightly upon &abinding, APA/TFT.
implying that cation binding increases 2AP quenching in this  The observation of static quenching (Table 2) in both
oligo. Thus, the changes in structure and dynamics of the abasic-site oligos implies that there is actually a third state
closed state due to the bound ion differ depending on thein which 2AP opposite the abasic site is stacked with the
sequence of the oligo. The average lifetimeof the open flanking bases. The relief of static quenching uporf*Ca
state is invariant to [Cd] in both oligos, as would be  binding (shown in Figure 1) is consistent with a shift in the
expected for an extrahelical base. While certain kinetic equilibrium between this stacked state and the open state.
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FiGURE 4: Stern-Volmer plot of changes in lifetime components total [UDG] (1 M)
for AFA/TPT as a function of [KI]. The four data series represent ) )
the ratioro/z for each of the four lifetime components(triangles), FicUre 5. Steady-state fluorescence intensity for AFA/TPT as a
7, (X's), 73 (squares), ands, (circles), respectively. The line  function of [UDG]. The three series represent one titration
represents a fit of eq 7 to the data farwith k, = 1.5 x 10° M1 performed at 0 mM C& (triangles) and two separate titrations
standto = 9.9 ns. performed at 30 mM Ca (circles and diamonds). The [DNA] in

each titration is approximately constant. The [DNA] in the titration

Thus, three conformations of the opposite base can begtazo+ mM C&* is 15P|tMé arl\'/? E eﬁc(;] of the_titraticlmds at 20_m!\/||
distinguished by the combination of Steady—stat_e and time- valuelsén‘::l gﬁg.»sll'ri?: tl?nés 'r%présjr?t fitsa toE? Zztéstgctﬁee d;(t)aa(g(/lirr]hllua
resolved fluorescence measurements: intrahelical stackedeq 5 substituted by eq 6). In the absence oFCHy = 2.9 uM
intrahelical unstacked, and extrahelical. The fractional popu- [1.5 uM, 4.8 uM], and in the presence of €3 Ky = 4.2 uM [3.3
lation of the first of these states fgacked (Table 2); the uM, 5.2 uM]. The numbers in brackets represent the 95%
populations of the other two states may be derived by SCa"ngconfidlence intervals forKy estimated from the dispersion of
the relative amplitudeas + o + a3 anda, by a factor of experimental data points around the fitted functions.
(1 — fstacked- From these equilibrium populations, the free
energy differences between the three states may be deterthat 7, is significantly more sensitive to the presence of
mined. For example, for AFA/TPT in the absence ofCa  quencher than are the other three lifetimes. Whileis
the fractional populations of the stacked, unstacked, and operguenched with a bimolecular rate constant of £%.1 x
states are 0.53, 0.45, and 0.02, respectively. Thus, thel0? M~! s7%, the changes in the other three lifetimes are
unstacked state is marginally less stable than the stackedegligible. In a global analysis, these three lifetimes all could
state, and the open state is approximately 2 kcal/mol higherbe maintained at constant values over the entire range of
in energy than either. In the presence of saturatinty Ghe [K1], implying that they are essentially insensitive to the
fractional populations are 0.38, 0.48, and 0.14 for stacked, quencher. However, analyses in whichis held constant
unstacked, and open, respectively. The two intrahelical statesare not statistically acceptable. These results strongly support
remain nearly isoenergetic, but the open state is only 0.7the model thatr, represents the fluorescence decay of an
kcal/mol higher in energy than the others. Thus2'Ca extrahelical base, while the three shorter lifetimes represent
binding, for which the free energy change-i8.3 kcal/mol, the decay of 2AP in an intrahelical conformation.
shifts the conformational equilibrium 1.3 kcal/mol toward ~ UDG Binding In crystal structures ofE. coli UDG
the open state. The free energy differences between statesomplexed to abasic-site DNA, the base opposite the abasic
for APA/TFT in both the presence and absence offGae site is intrahelical 27, 31). Therefore, addition of UDG to
on the same order of magnitude as those for AFA/TPT.  abasic-site oligos is expected to shift the population of

Kl Quenching The accessibility of 2AP opposite an abasic conformers toward the intrahelical state. For oligos contain-
site to the solute quencher acrylamide has been shown tdng 2AP, the fluorescence properties should change to reflect
increase upon binding of divalent ions by steady-state the new conformational equilibrium. Figure 5 shows the
fluorescence9). This result is consistent with the shift from fluorescence intensity changes for AFA/TPT as a function
closed to open conformational states upod'@Ganding that of [UDG] in both the presence and absence of divalent cation.
is proposed above. To test the assignment of fluorescence~or both C&'-free and C#&-bound oligos, the enzyme
lifetimes to conformational states, this solute quenching causes a saturable decrease in 2AP fluorescence. Fitting of
experiment was repeated by the time-resolved method. Thisthese curves to a general two-state binding model (eq 6)
experiment was performed using Kl as the added quencheryields apparent equilibrium dissociation constakf§” of
to avoid possible complications associated with binding of 2.9 uM at 0 mM C&" and 4.2uM at 18 mM C&*. The
acrylamide to DNA and was performed in the presence of apparent dissociation constant is employed because the
saturating C& (30 mM) to maximize the contribution af, contribution of nonspecific UDGDNA binding to the
to the signal. Figure 4 is a Sterivolmer plot of the changes  observed isotherm has not been determined. These values
in the individual lifetimes as a function of [KI], which shows agree well with those previously determined for this interac-
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1 the Trp absorption is much less than at 309 nm (the excitation
wavelength for the time-resolved experiment).
______ ¥ .
BV - S In summary, the UDG-dependent changes in fluorescence
sl -7 intensity and decay kinetics are consistent with an increase
P in the population of the closed state, in agreement with the

conformation observed in crystal structures. Interestingly, the
changes irr,ym with increasing [UDG] are directly propor-

06 t 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
04 L of the opposite base.

Fractional amplitude

DISCUSSION

00 &-_ The recognition of DNA damage may depend on both the
-~ unusual conformation (structure) and the susceptibility to
~~~~~~~~~~~~~ y 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
[UDG] (M) in solution that differ in the location of the opposite base.
FIGURE 6: Preexponential factoxs for AFA/TPT as a function of The equilibrium between the open, closed stacked, and closed

EJD(Sr]C?éSZ)Oa’r‘:M C(ﬁ;-mgl‘gst)""?eggteac tsi\%ilf/s ﬁ%ﬁiﬁteﬁ (I)itr21e+s o Unstacked states of the opposite base can be detected by the
3 day , . o ; R o
interpolations between data points only. The [DNA] is ap- differing fluprescence properties O.f .2AP |n'th|s pOSIt.IOH. The
proximately constant at 6,6M. 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
tion by other methods. The decrease in fluorescence intensityk|. The closed stacked state is statically quenched by base
upon UDG binding is consistent with a shift in the confor-  stacking interactions. The characteristics of the three con-
mational equilibrium toward the more quenched intrahelical formational states are elucidated by perturbing the equilib-
state. The amplitude of the UDG-dependent intensity changerium between them upon addition of €aor UDG.

is greater in the presence of Taas would be expected  The ghservation of conformational heterogeneity of the
because the open state is more populated when the oligo igree abasic site has significant implications for the specific
bound _by .dlvalent ion. The negligible difference in UBG recognition of this site by repair enzymes. The DNA
DNA binding constant between €afree and C&'-bound  geformations required by these enzymes in complex with
states is consistent with the small changes in equilibrium gpasic-site DNA are severe and in the case of endo IV
populations of the various conformers due to divalent cation jcludes opposite-base flippin@9). The free energy dif-
binding. ferences between open and closed states are fairly small: less
The changes in intensity decay kinetics agree with the than 1 kcal/mol in the presence of saturating divalent ion.
proposed shift toward the closed state upon binding of UDG. Therefore, only a small energetic penalty is required for a
Figure 6 shows the changesdin + o, + oz and oy with repair enzyme to flip the base opposite the abasic site either
increasing UDG at 18 mM Ca. The fractional amplitudes  in or out of the helix. An enzyme could drive the DNA to
of the three short-lifetime components increase, and that ofits preferred conformation with little difficulty, regardless
the long lifetime decreases, consistent with a shift toward of whether that conformation was more similar to the open
the closed state. The values of all four lifetimes show no or closed states of the free DNA. In contrast, the absence of
change over the protein concentration range shown. The datdhe open state in the undamaged oligos implies that the
in Figure 6 are shown for a maximum [UDG] of 1M, energetic cost of deforming undamaged DNA is relatively
because the protein fluorescence becomes a significanigreater than for abasic-site DNA. Therefore, the conforma-
interference above this value. UDG has six tryptophan (Trp) tional heterogeneity observed in this study suggests roles for
residues, several of which are buried in the hydrophobic core both equilibrium structural deformation and enhanced dy-
of the protein 48). The absorption spectra of such buried namic deformability in the recognition of abasic sites by
Trp residues are characteristically shifted to longer wave- repair enzymes.
lengths, so that even at 309 nm their extinction is significant  The assignment of intensity decay lifetimes to conforma-
(43). The combination of this red-shifted absorption, the low tional states is enabled by divalent cation-induced changes
quantum yield of the oligo (Table 2), and the relatively high in the populations of these states. The observation of these
quantum yield of UDG (data not shown) ensure that it is effects raises the question of whether divalent cations might
impossible to avoid the protein fluorescence at higher enzymeplay some role in regulating the interactions of repair proteins
concentrations. Consequently, the intensity decays cannot bevith abasic-site DNA. We consider such a regulatory role
interpreted solely in terms of 2AP fluorescence. It should unlikely, for two reasons. First, the shifts in conformational
be noted that UDG fluorescence does not affect the inter- equilibria due to C& binding are fairly small and do not
pretation of the steady-state intensity changes shown inalter the primary fact that the three conformers are fairly
Figure 5, because these data are excited at 325 nm, wherelose to each other in energy. For example, the fractional
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population of the open state of AFA/TPT increases only from of these results, we speculate that the complex decays of
0.04 to 0.23 upon Ca hinding, and consequently the affinity 2AP in DNA may arise from a mechanism in which the rate
of UDG for the abasic site is practically unchanged. Second, of quenching due to base collisions is modulated by the rapid
in a living cell, the DNA will in all probability be bound  internal dynamics of the DNA. As discussed in the preceding
constitutively by M@", which is present at a physiological paper in this issue, it is possible that considerably more
concentration of approximately 30 mM9). Even given the information about DNA dynamics is present in the decay
presence of numerous competing Mdinding sites in the  data than we currently utilize.
cell, this concentration is probably sufficient to saturate any ~ Using 2AP fluorescence, it is possible to identify and
available abasic sites. Consequently, changes in total divalentcharacterize molecular states that are difficult to detect by
cation concentration, such as in®Caursts, are not expected other methods (e.g., solution NMR) and to quantify the
to change the conformational equilibrium of the already relative populations and energies of these states with high
saturated abasic site significantly. precision. It is apparent that the bulk of this information can

In addition to shifting the conformational equilibrium be obtained only through the combination of steady-state and
toward the open state, €abinding also causes a change in time-resolved fluorescence measurements. It should now be
the structure and/or dynamics of the closed state. The naturepossible to apply this algorithm to obtain detailed dynamic
of this change depends on the sequence context of the abasiand thermodynamic information about many DNA and RNA
site: in AFA/TPT the dynamic quenching of 2AP decreased sites of biological interest.
significantly, while in APA/TFT it slightly increased. These
changes in quenching could arise from a change in equilib- ACKNOWLEDGMENT
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