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Probing the Structure and Dynamics of a DNA Hairpin by Ultrafast
Quenching and Fluorescence Depolarization

Olaf F. A. Larsen, Ivo H. M. van Stokkum, Bas Gobets, Rienk van Grondelle, and Herbert van Amerongen
Division of Physics and Astronomy, Faculty of Sciences, Vrije Universiteit, 1081 HV Amsterdam, The Netherlands

ABSTRACT DNA hairpins have been investigated in which individual adenines were replaced by their fluorescent analog
2-aminopurine (2AP). The temperature dependence of the time evolution of polarized emission spectra was monitored with
picosecond time resolution. Four isotropic decay components for each oligonucleotide indicated the coexistence of at least
four conformations. The fluorescence for three of these was significantly quenched, which is explained by hole transfer from
2AP to guanine(s). An ~8-ps component is ascribed to direct hole transfer, the ~50-ps and ~500-ps components are
ascribed to structural reorganization, preceding hole transfer. At room temperature, a fraction remains unquenched on a
10-ns timescale, in contrast to higher temperatures, where the flexibility increases. Besides quenching due to base stacking,
a second quenching process was needed to describe the data. Evidence for both intrastrand and interstrand hole transfer was
found. The extracted probability for stacking between neighboring bases in double-stranded regions was estimated to be
~75% at room temperature and ~25% at 80°C, demonstrating structural disorder of the DNA. Fluorescence depolarization
revealed both local dynamics of the DNA and overall dynamics of the entire oligonucleotide. Upon raising the temperature,
the C-N terminus of the hairpin appears to melt first; the rest of the hairpin denatures above the average melting temperature.

INTRODUCTION

The dynamics, flexibility, and structure of biomolecules arenonperturbing fluorescent base analogs is highly desirable.
intimately related, and they are determined by the biomoThe fluorescent adenine analog 2-aminopurine (2AP) is a
lecular energy landscapes (Frauenfelder et al., 1991). Iwery attractive probe, and its applicability for studying
addition, these landscapes determine structural heterogenstructural and dynamical aspects of DNA and RNA has
ity and disorder of the biomolecules. For DNA, the flexi- been demonstrated by several studies (e.g., Nordlund et al.,
bility has been shown to be important for many processesl989; Wu et al., 1990; Guest et al., 1991; Hochstrasser et
such as protein binding (Hogan and Austin, 1987), tran-al., 1994; Nordlund et al., 1993; Lacourciere et al., 2000).
scription (Wolffe, 1994; Grove et al. 1996), and packagingThe 2AP probe has several attractive properties. It is incor-
of DNA into chromatin (Richmond et al., 1984; Hagerman, porated in B-DNA without significantly changing its struc-
1988). The dynamics of DNA encompasses a wide timeure, it base pairs with thymine (Sowers et al., 1986; Nor-
scale and ranges from (sub)picoseconds up to millisecondsiund et al., 1989), and its spectral properties are very well
(Schurr et al., 1992). The dynamical behavior of DNA hascharacterized (Broo, 1998; Broo and Hdime1996;
been demonstrated by numerous experimental results (e.gdolmen et al., 1997). The lowest-energy absorption band
Guest et al., 1991; Parkhurst and Parkhurst, 1995jies outside the absorption spectrum of DNA/RNA, allow-
Georghiou et al., 1996; Naimushin et al., 2000) and may iring selective excitation of 2AP. The molecular structures of
principle be linked to molecular dynamics simulations (e.g..both adenine (6-aminopurine) and 2AP are shown in Fig. 1.
Briki et al., 1995; Bruant et al., 1999). In general, the studies on homogeneous DNA prepara-
Time-resolved fluorescence depolarization has beefions using 2AP revealed both overall dynamics of the DNA
shown to be an important technique to study the dynamicahs well as internal dynamics. Interestingly, several isotropic
properties of DNA (Schurr et al., 1992). However, the fluorescence times were found to coexist, indicating struc-
natural bases of DNA possess very low quantum yieldsural heterogeneity of the DNA. Molecular dynamics stud-
(Cantor and Schimmel, 1980). Very often, fluorescent dyeses on DNA molecules containing 2AP showed that during
are either covalently or noncovalently attached to the DNAarge-scale motions the hydrogen bonds of the 2AP-T and
(e.g., Parkhurst and Parkhurst, 1995, Eggeling et al. 1998\.T base pairs remain intact (Nordlund et al., 1989). Ex-
These dyes will obviously perturb the natural structure antherimentally, it was observed that several isotropic decay
dynamics of the DNA. Therefore, selective introduction of components were significantly quenched (Nordlund et al.,
1989; Guest et al., 1991), which was assumed to be asso-
ciated with the degree of stacking of the bases. Later studies
Received for publication 26 September 2000 and in final form 25 Apr”suggest that this quenching might occur due to hole transfer
2001. from the 2AP to nearby guanines (Kelley and Barton, 1999).
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A B non-Watson-Crick base pairs (base pairs G5-A26 and G6-
G24), looped-out nucleotides (bases A21 and U25, T25 in
H H our DNA analog), and a loop region (bases T13 to G16). In
N\ / this study, we aim to monitor the structural dynamics as
N N AN well as the structural heterogeneity and disorder of the DNA
/ N analog of this hairpin. The present study also sets the basis
N AN I for future research on the structural and dynamical aspects
/ N NH = / of the RNA hairpin and its complex with the Rev peptide.
< | N N Future questions that we would like to tackle are how the
NH = I peptide binding alters the structure, the structural disorder,
N H and the dynamics of the RNA.

FIGURE 1 Molecular structures of adening) @nd 2AP B).
MATERIALS AND METHODS

that fast isotropic decay components (several picosecondSamples
are associated with direct hole transfer from the probe to th?he DNA oligodeoxynucleotides containing 2AP were obtained from
guanine look-alike 7-deazagu§1n|ne, whereas S|0W§I’ COMPijegio (Malc?en, Th)é Netherlands), and thg purity wa89%. 2AP and
nents reflect structural dynamics of bases that reorient thenyap riposide (2APR) were obtained from Sigma (Zwijndrecht, The Neth-
selves into favorable positions (stacking) after whicherlands). Each DNA preparation was dissolved in a 10 mMKRO,/
guenching can occur. The probability that all the bases ar&H,PQ, buffer (pH 7.5) with 100 mM KF, pH 7.3. To force the oligode
favoray stacke desreases when the hole doror and SBSTuCsies § TS Tt S S e s S e,
Ceptor are p05|t|0n§d at longer dlstancgs f_rom each OtheFibn was kept at 80°C for 2 min and immediatgly p’ut on iée afterwards.
which should result in a decreased contribution of the fastest the presumed structures of the DNA hairpins are given in Fig. 2. The
component. Such a decrease was indeed observed expéttowing oligodeoxynucleotides were synthesized: DNA2AP10, RBE3

mentally (Wan et al.,, 1999), whereas the quenching rat®NA analog with the adenine at position 10 substituted by 2AP;
remained almost unaltered. DNA2APIN, RBE3 DNA analog with the adenine at position 10 substi-

In this work, temperature-dependent picosecond polart_uted by 2AP, and the guanines at positions 8, 11, 16, 17, 20, 23 substituted

. . by inosines; DNA2AP21, RBE3 DNA analog with the adenine at position
IZQd fluorescence measurements on ?AP'SUbS“tU.’[ed DNAq substituted by 2AP; DNA2AP26, RBE3 DNA analog with the adenine
hairpins are performed. These DNA hairpins (see Fig. 2) arat position 26 substituted by 2AP; and DNA2AP28, RBE3 DNA analog
analogs of Rev binding element 3 (RBE3) (Peterson andvith the adenine at position 28 substituted by 2AP.
Feigon, 1996), an RNA hairpin that contains the high-
affinity binding site for the so-called Rev (regulator of the ]

: - : : P Melting curves
expression of virion proteins) peptide of HIV-1. Binding of
Rev to this high-affinity binding site plays a crucial role in DNA melting curves were determined for all DNA preparations by mea-
the regulation of protein synthesis for the virus (Kingsmansuring the temperature dependence of the absorption spectra, using an
and Kingsman 1996). The structure of the RBE3 RNA absorption spectrophotometer (Cary 50 Bio, Varian, Middelburg, The

- . . etherlands), with a temperature-controlled cuvette holder. The melting
ha|rp|n has been determined by NMR (Peterson and Felgorb\;mperatures were determined by global analysis of the complete absorp-

1996)- It is rich in interesting structural elements such aSion spectra as a function of temperature using the model described else-
where (van Stokkum et al., 1995).

A
] 0 Fluorescence streak-camera measurements

5 GGTG G G CG CAGC T T Streak-camera fluorescence images of the different DNA preparations were
3 CCAC, gcGC GTCG.C measured at room temperature (24°C), at melting temperature (58°C), and
28 56T A G at 80°C (completely denatured DNA). Because DNA2APIN has a different

21 melting behavior, the following temperatures were used for this oligode-

oxynucleotide: 20°C, 35°C (melting temperature), and 80°C. Streak-cam-

B era images of 2AP and 2APR were measured at 24°C. Excitation was

performed by the frequency-doubled output of an optical parametric am-

plifier (Coherent, Santa Clara, CA), which was pumped by an amplified
T titanium-sapphire laser (Coherent). The excitation wavelength was 326 nm
C (repetition rate, 40 kHz; pulse length;y100 fs), and its polarization
| (vertical or horizontal) was adjusted by a Berek polarization compensator.

By placing a Glan-Thompson polarizer before the entrance slit of the

FIGURE 2 Presumed structures of the studied DNA hairpins with 2APspectrograph only the vertically polarized emission light was detected. The
at, respectively, position 10, 21, 26, and 2§ and the hairpin with 2AP  emission light was then led into a spectrograph (Chromex) and measured
at position 10 with inosine substitutionB)( using a streak-camera system (Hamamatsu) coupled to a CCD camera

1 10
5 GaTGS Gci1caicT
3 CCAC I C |

ATG A TC I

Biophysical Journal 81(2) 1115-1126



Picosecond Dynamics of a DNA Hairpin 1117

(Hamamatsu, Herrsching, Germany) (Kleima et al., 2000). The spectral 1.0
resolution was~8 nm.

0.8f
Streak-camera data fitting

With each polarization condition three different time bases were used: 200 _
ps, 800 ps, and 2200 ps. The instrument response function was modeled 3 0.6
using a Gaussian. The full width at half-maximum of the instrument 5
response function depended upon the time base and ranged from 4 to 25 ps. §

04

~

Thus, at a certain temperature each sample resulted in six data>4efs (

data points) that were simultaneously analyzed usii®0 parameters.

The contribution of the Raman light from the solvent has been included in
the data analysis and has been used to determine the time response of the 0.2k
setup. All obtained isotropic and anisotropic decay times (with their cor- ’
responding amplitudes) have a precision better than 10%, except the decay
times that possess a very small amplitueel¢o; see tables). 0.0 . i

The data have been analyzed using a global analysis method (van : ' y : g

Stokkum et al., 1994). The two fluorescence componkpt&) andl,,,(t) 200 220 240 260 280 300 320 340 360
(vertically and horizontally polarized excitation) were described by:

lou(t | t) X (1 + 2r(t FIGURE 3 Absorption spectra of the studied DNA hairpins. The
[iVVEt;] = [IMAEt; 9 El _ r(t())))] ® (1), (D) DNA2APIN spectrum is dotted. The spectra of all other oligonucleotides
HV MA are indistinguishable from each other.

Wavelength (nm)

wherel 4 (1) is the magic angle (isotropic) signal, ar{t) is the anisotropy.
I(t) reflects the instrument response a@dienotes convolution.
The magic-angle decayya(t), is described by a sum of decays, each
componenti having its own decay-associated spectréxth) and rate  Oligonucleotides are depicted in Fig. 3. Their base con-

constant of fluorescende: tentis identical and their spectra are almost indistinguish-
n able except for DNA2APIN, which has a different base

lua(t) = DA N)e Kt (2)  composition. In all samples, the weak absorption band

=1 around 310 nm is due to 2AP, and in all cases the

The anisotropy(t) is described with a non-associative model as the sum ofﬂuqresCence that '_S. monitored Or'glnatesf from this 2AP
individual anisotropy componentseach with their own rotational corre- moiety. A base-pairing scheme for the oligodeoxynucle-

lation time 7; and amplituder;: otides that is based on the analogy with the RBE3 hairpin
m structure is depicted in Fig. 2. To test whether the dif-
ri) = > re v (3) ferent DNA preparations possess the same structure we
=1

recorded the absorption spectra as a function of temper-
This non-associative model resulted in a satisfactory fit. Extensive attempt@_ture' In Flg. 4 the ab'sorptlon.at 260 nm is plotted for the
to fit the data with a more complicated associative model have been carriedlifferent oligonucleotides at different temperatures. In all
out. In this model, every magic-angle component is linked to its owncases a strong (14%) hyperchromism is observed upon
unique rotational correlation times, which from a physical point of view is going from room temperature to 80°C reflecting the

more realistic as compared with the non-associative model describe Iti f truct ith b . A t f
above. However, no realistic fitting parameters could be obtained. Ame Ing of a structure with many base pairs. Apart rrom

simulation of this model has been carried out and showed that realisi®@NA2APIN, all oligonucleotides displayed a very simi-
physical results can only be obtained when the signal-to-noise ratio is dar melting behavior, and at+58°C half of the hyper-

least one order of magnitude higher than the signal-to-noise ratio in oUghromism was reached indicating that rougmy 50% of

measurements. Attempts to link different short rotational correlation time: ] ]
and amplitudes to reduce the degrees of freedom did not result in preciss,tehe amount of StaCkmg had been dlsrUpted' We call the

estimates either. Hence, associative fitting of these kinds of data is nde0rresponding temperature the melting temperature. For
feasible considering the signal-to-noise ratio and the high quenching of thONA2APIN the melting temperature appears to be
fluorescence that is observed. Therefore, the anisotropic fitting parameter&34°(:, i.e., 24°C lower. This decrease in melting tem-
resulting from a non-associative model should not be over-interpreted. perature can be explained by the fact that inosine can

only form two H bonds with the opposing cytosine, one
RESULTS less than the guanine it replaces. According to the liter-
ature (Lehninger, 1976), such a decrease in number of H
bonds should result in a decrease of the melting temper-
We have designed several oligodeoxynucleotides baseature of~22°C, very close to the decrease observed here.
on the analogy with RBE3, of which the hairpin structure Therefore, we conclude from the above results that a
is known from NMR measurements (Peterson andhairpin structure is formed in all oligonucleotides, with
Feigon, 1996). The absorption spectra of the differentbase pairing most likely as in Fig. 2.

Melting behavior

Biophysical Journal 81(2) 1115-1126
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TABLE 1 Isotropic 7¢ (in ps) as a function of temperature
1.0F and contribution to the total signal (%) of the different
molecules studied
Molecule,
0.8- temperature 7, (%) 7, (%) 75 (%) 7, (%)
2AP, 24°C 11X 10° (100)
0.6f 2APR, 24°C 10x 10°(100)
g AP10, 24°C 5 (90) 50 (9) >1 X 10°(<0.1)
% AP10, 58°C 7 (63) 50 (25) 450 (10) >8x 10°(1)
§ 0.4} AP10, 80°C 11 (45) 70 (30) 430 (24) >8 X 10°(<1)
AP21, 24°C 10 (39) 30(13) 290 (4) >8Xx 10°(44)
AP21, 58°C 10 (53) 90 (12) 500 (13) >8x 10°(22)
0.2~ AP21, 80°C 9(51)  70(25) 460 (24) >8X 10°(1)
AP26, 24°C 13 (51) 60 (30) 500 (11) >8 X 10°(8)
ool 7¢ AP26, 58°C 16 (47) 90 (25) 640 (25) >8x 10°(3)
' AP26, 80°C 14 (37) 80 (29) 470(33) >8x 10°(1)
L L L AP28, 24°C 9 (43) 30 (50) 330(6) >8x1C°(1)

20 30 40 5 60 70 8 90 100 AP28,58°C  14(40)  90(33) 540(25) >8X 10°(2)
Temperature (degrees Celsius) AP28, 80°C 20(25) 110(39)  530(35) >8x 10°(<1)

APIN, 20°C 20 (16) 130 (38) 460 (41) >8x 10°(5)

FIGURE 4 Melting curves for the different DNA preparations. Each APIN, 35°C 19 (24) 140 (31) 650 (35) >8 X 10°(9)

data point is the difference between the 260-nm absorption at the correapIN, 80°C 10 (17) 100 (26) 610 (56) >8x 10°(1)
sponding temperature and the 260-nm absorption at room temperature;

DNA2APIN (M), DNA2AP10 (), DNA2AP21 (), DNA2AP26 (), and All times and amplitudes are within 10% accuracy, except the times with
DNA2AP28 (*)’ ' ' ' a very low corresponding amplitudes(%).

. 2.2 ns, longer fluorescence times can be estimated because
Time-resolved measurements of the backsweep of the streak camera (Kleima et al., 2000).
In Fig. 5 the polarized fluorescence decay curves at 24°@ he obtained rotational correlation times of 2AP and 2APR
for 2AP and 2APR are shown. The fitting parameters areare 30 and 80 ps, respectively. The fitted initial anisotropy
given in Tables 1 and 2. The isotropic decay timexdfl ~ values of 0.31 and 0.34 are lower than the theoretical
(2AP) and=10 ns (2APR) are close to those presented inmaximum of 0.4 and are probably due to solvent relaxation
the literature (respectively, 11.8 ns and 10.4 ns) (Holme that is also manifested by the large Stokes’ shift of 5000

al., 1997). Although the time window of our equipment is cm .

A completely different fluorescence decay and depolar-
ization pattern is observed when 2AP is incorporated in the
oligodeoxynucleotides. The most extreme case is observed
for DNA2AP10, which is shown in Fig. 6 at room temper-
ature. In DNA2AP10, most of the fluorescence (90%) de-
cays with a time constant of 5 ps, an additional component
of 50 ps has a contribution of 9%, and a very small fraction
(<0.1%) has a decay time over 1 ns, but the accuracy of this
value is limited due to the small corresponding contribution
(Table 1) (the percentage is the contribution of the area of
the decay-associated spectrum of a component to the sum of
areas of all the decay-associated spectra). Upon raising the
temperature to 58°C an additional time constant-d60 ps
appears. In addition, the relative contribution of the fastest
component decreases, and this decrease becomes even more
pronounced at 80°C where the complete hairpin has been
0 500 1000 1500 2000 melted out. Because the fluorescence spans a larger time

Time (ps) window at higher temperatures it is also possible to study
the fluorescence depolarization behavior, and the results are
FIGURE 5 Polarized fluorescence-decay curves at 390 nm for 2AP angjiven in Table 2. The anisotropy was fitted with two com-
2APRlat 24°C. _Traces ob_tained f_or _verticall_y polarized' excitation andponemS of 100 ps and 840 ps at 58°C and 40 ps and 250 ps
detection of vertically polarized emission are indicated with hereas ° . . . .
t 80°C (for interpretation see Discussion).

traces obtained from horizontally polarized excitation and detection o : .
vertically polarized emission are indicated withkarThe smooth lines are The 2AP fluorescence quenching was supposed to orig-

fits of the data. inate from hole transfer from the 2AP probe to nearby

Biophysical Journal 81(2) 1115-1126
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TABLE 2 75, and 7R, (in ps) as a function of temperature with amplitudes (ry, and ry,)

24°C (20°C) 58°C (35°C) 80°C
Molecule Tr1 (Tod) Trz (M2 Tra (Tod) Trz (M2 Tra (Mod) Trz (M2
2AP 30 (0.31) ND ND ND ND
2APR 80 (0.34) ND ND ND ND
AP10 100 (0.24) 0.5 10° (0.14) 40 (0.18) 250 (0.16)
APIN 20 (0.05) 1.8x 10° (0.34) 160 (0.12) 1.1x 10°(0.23) 30(0.13) 200 (0.22)
AP21 140 (0.20) 1.8 10°(0.16) 80 (0.23) 0.9% 10°(0.12) 40 (0.17) 210 (0.18)
AP26 150 (0.12) 2. 10°(0.26) 60 (0.15) 420 (0.21) 30 (0.17) 200 (0.19)
AP28 230 (0.23) 2.x 10°(0.17) 60 (0.17) 370 (0.20) 50 (0.18) 210(0.16)

All times and corresponding amplitudes are within 10% accuracy. However, these parameters should not be overinterpreted because theysre the resu
of an oversimplified model. Due to the very heavy quenching, the obtained rotational correlation times of DNA2AP10 at 24°C could not be precisely
estimated. ND, not determined.

guanines (see also Introduction), which have the lowessolution and small pieces of DNA that resulted from incom-
oxidation potential of all the natural bases. To test this ideglete synthesis.
we have replaced the six guanines that are closest to 2AP in The other oligonucleotides show more fluorescence
DNA2AP10 by inosines which are guanine look-alikes butquenching than DNA2APIN, and fitting of the time-re-
have an oxidation potential that is unfavorable for holesolved measurements at all temperatures shows decay times
transfer (DNA2APIN, Fig. B). Indeed, we observe a large that are roughly similar to the ones observed for
increase of the fluorescence intensity (at least a factor oDNA2AP10 at 58°C and 80°C, a fast componen®( ps),
20), consistent with the idea of fluorescence quenching dueawo intermediate components, in most cases0 ps and
to hole transfer to guanine (see Fig. 6). The time-resolved-500 ps, and one component of many nanoseconds. As an
measurements are satisfactorily fit with four decay times aexample, the decay-associated spectra of DNA2AP21 at
all temperatures, and both decay times and correspondir@d°C are shown in Fig. 7. However, at room temperature the
contributions do not vary much (Table 1). It should be notedcontribution of the fastest component is in all cases smaller
that at 80°C the contribution of the slowest component ighan in the case of DNA2AP10. At 80°C, when all base
~1% or even less, and this might be due to the fact that thpairs have disappeared and the oligonucleotides are presum-
preparation is not entirely pure-09% for all oligonucleo- ably quite structureless, the decay components (times and
tides), and we ascribe this to the presence of free 2AP iontributions) are much more similar for all the DNAs. The
isotropic fitting results are given in Table 1.

In all cases, the anisotropy decay could satisfactorily be
described by two components (Table 2). The slowest com-

1.0}
0.8} DNA2APIN DNA2AP10 5000
— | ]
\‘:‘i 4000r
< 3000+
2 % /
g 2000+ ¥
’ /
e T g find : " 1000_&
0 500 1000 1500 2000
Time (ps) A AT T
/A A~
at A_‘_‘\A-—A_A:it!<:
FIGURE 6 Time-resolved fluorescence traces for DNA2AP10 and 340 360 380 420 440 460
DNAZ2APIN at room temperature at 390 nm. Traces obtained for vertically Wavelength (nm)

polarized excitation and detection of vertically polarized emission are

indicated with av, whereas traces obtained for horizontally polarized FIGURE 7 Magic-angle decay-associated spectra at 24°C of
excitation and detection of vertically polarized emission are indicated withDNA2AP21. The corresponding decay times are 1(s 80 ps (<), 0.29
anh. The smooth lines are fits of the data. ns (A), and 9.8 ns (*).
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ponent is close to 2 ns in all cases at room temperature arttble transfer in which the bridge bases (between the hole
probably reflects the overall motion of the oligodeoxynucle-donor 2AP and the hole acceptor guanine) are perfectly
otide together with some bending and twisting motions. Thestacked such that hole transfer can occur. The longer iso-
fastest component is of the same order of magnitude fotropic decay times might in principle originate from con-
DNA2AP21, DNA2AP26, and DNA2AP28. No significant formations in which different H bonds or stacking interac-
fast depolarization is observed for DNA2APIN. At the tions are present (when compared with the component that
melting temperature the slowest component is considerablgecays with the fastest rate). These intermediate compo-
faster for DNA2AP26 and DNA2AP28 than for the other nents might also originate from conformations with the
oligonucleotides. Also, ther,; component appears to be bases in a position that is unfavorable for the quenching
faster, although the difference between DNA2AP21,process and require reorganization before the hole transfer
DNA2AP26, and DNA2AP28 may not be significant. At process can take place. In that case these intermediate
80°C, both the slowest and the fastest component are veiligotropic times would reflect structural dynamics of the
similar (~210 ps and~40 ps) in all cases (largely disor- DNA hairpins. At high temperatures, the intermediate iso-
dered structure; see Discussion). However, at lower tempetropic times are still observed, making it unlikely that these
atures it shows more variation due to the different micro-times are due to conformations with different H bonds,
environments in the various complexes. because the latter are presumably absent at 80°C. It seems
An important point to note is that no quenching processesnore likely that the intermediate times reflect structural
that are faster than the time response of our detection setuporganization. This view is similar to the one adopted by
are missed; the initial intensities (the sum of the decayWan et al. (1999), who claim that some conformations are
associated spectra) of free 2AP and of 2AP incorporated iffavorable for direct quenching to occur, whereas other con-
DNA are identical within experimental error. formations first need to be reorganized before quenching is
possible. The long decay time observed in all samples is due
to 2AP in a microenvironment that is completely unfavor-
able for quenching and reflects the natural lifetime of 2AP.
We have designed a DNA-oligonucleotide that resembledhis time is difficult to estimate in most cases because of
the RBE3 structure as determined before (Peterson arithe very small amount of fluorescence light that is present
Feigon, 1996) with the intention to form a similar hairpin on that timescale. The fact that different decay components
structure and to incorporate the fluorescent base 2AP are observed for one type of oligonucleotide shows that 2AP
different positions to probe the structural heterogeneitydoes not have one identical rigid conformation in all cases.
dynamics, and disorder with time-resolved fluorescencéApparently, different conformations coexist, which is in line
measurements. The temperature-dependent absorption meeth the data obtained by Guest et al. (1991) and Nordlund
surements show that indeed a folded structure has beest al. (1989). Both groups also studied the time-resolved
formed with a large number of base pairs, and the observefiuorescence of 2AP-substituted DNA oligodeoxynucleoti-
decrease in melting temperature upon replacing six guades. The isotropic fluorescence at 20°C yielded (for each of
nines by six inosines is consistent with the proposed basdhe different possible counter bases T, G, A, and C) four
pairing scheme in Fig. 2, which is based on the analogy witHifetimes, which on the average weres0 ps,~400 ps,~2
RBE3. We realize that this consistency does not provide ans, and~8 ns (Guest et al., 1991). Isotropic fluorescence
absolute proof for the assumed base-pairing scheme, btitmes of ~100 ps,~640 ps,~3.0 ns, and~8.2 ns were
there is no obvious alternative highly folded structure thatfound when 2AP was base paired with another 2AP and
might occur. ~100 ps,~680 ps, 3.1 ns, and 9.1 ns when 2AP was base
When compared with the fluorescence of free 2AP orpaired with adenine at 25°C (Nordlund et al., 1989). The
2APR, the time-resolved fluorescence data of all oligonu-shortest isotropic time was in both studies attributed to 2AP
cleotide-2AP complexes show additional short fluorescencgositioned in a more stacked form, as compared with the
decay components that must be due to quenching mechénger component(s). However, the shorterlQ-ps) com-
nisms within the oligonucleotides. Following earlier work, ponent that we observed was not revealed because of their
this strong quenching of the 2AP fluorescence on a picolimited time response. It is surprising that in a recent paper
second time scale is to a large extent ascribed to the inteby Wan et al. (2000) in which they studied 2AP-substituted
action with guanines (Kelley and Barton, 1999). A plausibleDNA duplexes, only one isotropic decay time was observed,
explanation for this quenching might be hole transfer, whichwhich suggests only one conformation of DNA duplex to be
is known to occur in DNA between ionized 2AP and gua-present. This seems to be in contradiction with results
nine(s) (Shafirovich et al., 2000). Guanine is the hole ac-obtained earlier by Wan et al. (1999) in which they studied
ceptor because it has the lowest oxidation potential wheethidium-bromide-labeled DNA duplexes, as well as with
compared with the other bases (Steenken and Javonavithe aforementioned results obtained by Guest et al. (1991),
1997), whereas in this case excited 2AP acts as the holordlund et al. (1989), and the results presented in this
donor. The fastest isotropic decay time should be due tevork. Furthermore, a rate dependence of the charge transfer

DISCUSSION
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TABLE 3 Comparison of the calculated (see Appendix) fast decay time =, and corresponding contribution with experimental
data at 80°C

Calculated Experimental Calculated decay Experimental decay
DNA contributiont, contributiont, time fast component (ps) time fast component (ps)
DNA2AP10 0.49 0.45 10 11
DNA2AP21 0.49 0.51 10 9
DNA2AP26 0.32 0.37 14 14
DNA2AP28 0.28 0.25 20 20

as a function of hole donor-acceptor distance was observeguenching times correspond to the times necessary for re-
by Wan et al. (2000), which also seems to be in contradicerientation or displacement of relevant bases such that hole
tion with the earlier results by Wan et al. (1999) where ittransfer becomes possible. Alternatively, these slower times
was stated that no rate dependence was observed. correspond to conformations that do not show proper stack-
ing that is favorable for the fastest quenching process but
still allow quenching to occur, albeit at a slower rate.
However, our anisotropy data show that substantial struc-
At the highest temperature(s) the slowest component igural dynamics occurs on a time scale of tens of picosec-
virtually absent in all cases, apart from a very small contri-onds, favoring the former explanation. We have tried to
bution that may be due to impuritiess(%). This shows model the contributions and transfer rates for the fastest
that the melting of the tertiary structure removes the enerprocess, using a few simple assumptions. For detailed cal-
getic barrier between conformations in which quenchingculations see Appendix.

either can or cannot take place. At the highest temperatures The probability that two neighboring bases instanta-
all or at least most of the base pairs have been disrupted, amgously adopt a mutual orientation/positioning that is favor-
we will first discuss the fluorescence data for this situation,able for electron transfer is callgg. When such a situation
when the oligonucleotides adopt (disordered) single-occurs, the quenching rakeis equal tok;. The probability
stranded structures. We compare all oligonucleotides thahat an unfavorable situation occurs is therefore fb,, and

do not have guanines replaced by inosines, because they ame assume that quenching is absent, kes,0 ns *. When
most similar in composition. These oligodeoxynucleotidesguanine is two bases away, the probability that there is a
all have similar decay times (on average 15, 85, and 475 psituation that is favorable for electron transfepfs and the
The contribution of the fastest component is largest forquenching rate is stik,. When two guanines are present on
DNA2AP10 (45%) and DNA2AP21 (51%), which have one both sites of 2AP and when the conformation is favorable
guanine as a neighbor and another guanine two bases awdgr quenching by both guanines, the quenching rate doubles
The contribution for DNA2AP26 is 37% (one guanine two to 2k;. When two guanines are present on the same side of
bases away and another guanine three bases away in tBAP, it is assumed that only the nearest one contributes to
same direction). Finally, the contribution for DNA2AP28 is the quenching, and again the quenching rate,.is

25% (one guanine four bases away and another guanine five In the case of DNA2AP10 and DNA2AP21, the proba-
bases away in the same direction). This is strongly reminisbility that the guanines on both sides can contribute to fast
cent of the results by Wan et al. (1999) where a decrease @fuenching i3, and the corresponding rate ik, Ji.e., the

the amount of fast quenching of intercalated ethidium bro-nearest guanines on both sides, 2AP, and the intermediate C
mide fluorescence was observed when Z (7-deazaguaninaje all favorably stacked). The probability that only one
was positioned further away, whereas the rate of quenchinguanine contributes is + (1 + p,)(1 — p,)% and the

did not change very much. In addition, they observed anguenching rate i&; (see Appendix). In our experiment we
other quenching component of many tens of picosecondsiannot distinguish betweerkgandk,; when they are simul
which was ascribed to reorientation of bases leading to baganeously present, and a fitting procedure can at most pro-
stacking that is suitable for hole transfer. We adopt a similavide an average value. Therefore, we calculated (see Ap-
explanation for our results. 2AP, guanine, and the intervenpendix) a weighted average rate, and the contribution is the
ing bases have a finite probability to be favorably stackedveighted sum of both contributions above, which should be
for electron transfer in which case fluorescence quenchingqual to 0.48 (average of fitted values of 0.45 and 0.51 for
occurs with a rate that takes several picoseconds and is nBINA2AP10 and DNA2AP21, respectively; see Tables 1
strongly dependent on the number of intervening basesand 3). This means thay = 0.39, i.e. a rather low proba
However, the probability that all relevant bases are favorbility of stacking, which might be expected for these un-
ably stacked decreases when the distance between 2AP asiluctured, melted single-stranded oligonucleotides. Using
guanine increases. This leads to a decrease of the contribthis value ofp,, one expects a contribution of 0.02 (2%) for
tion of the fastest quenching component. The slowethe fastest quenching process in the case of DNA2AP28,

High temperatures
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whereas the fitted value is 0.25. Within the context of thesituation occurs for DNA2AP28. Assuming that= 0 one
above model this implies that an additional quenching profinds p, = 0.81, very similar to the obtained value for
cess with probabilityp, must occur that dominates the DNA2AP10 (0.75). The fact that for DNA2AP28 the con-
guenching when guanine is relatively far away. Consedtribution of the fastest component (0.43) is so much lower
quently, the corresponding rate is 50 Asgiving rise to the  than for DNA2AP10 (0.90) is within the context of the
guenching time of 20 ps. This quenching process might foabove model entirely explained by the fact that in the former
instance be due to a neighboring sugar. It has been showstructure 2AP donates a hole to only one guanine in the
(Farrer and Thorp, 2000) that the sugar moieties in DNAsame strand, which is relatively far away. Also for
can also be oxidized. Assuming that both quenching probDNA2AP28 the quenching rate approximately doubles
cesses can occur for all oligonucleotides in an independentpon lowering the temperature, which can again be ex-
way, we can try to fit the contributions and quenching ratesplained by hole transfer to two guanines in the opposing
in all four cases (eight experimental parameters, namelystrand (it should be noted, however, that hole transfer to
four rates and four contributions) with two probabilitigs (  those additional guanines would imply that the valugpf
andp,) and two ratesl andk,). This leads to the following is in fact even lower). Again, a quenching component of
fitted values;p, = 0.25,p, = 0.28,k, = 128 ns*, andk,  several tens of picoseconds is observed, which is ascribed to
= 50 ns ', which give a satisfactory fit of the observed base reorientation. In addition, a component of several
contributions and quenching rates (see Table 3, note that tHeundreds of picoseconds is present, which is probably due
calculated rates are average rates, weighted by the probts reorientation of a larger part of the oligonucleotide.

bility that a certain quenching process occurs). This very Strikingly different results are obtained for DNA2AP21.
simple model implies that at high temperatures a neighbork should be noted that 2AP is not base paired in the
ing base or a neighboring sugar have similar probability tarepresentation in Fig. 2. A fast quenching time is observed
be favorably positioned for hole transfer and that the holdike for DNA2AP10, but the contribution is significantly
transfer rates are of the same order of magnitude. The modemaller, although the number and distance of nearby gua-
we developed here is in line with the model as proposed byiines is the same as for DNA2AP10 (1 base and 2 bases
Wan et al. (1999), but it is more quantitative in our case. Inaway). However, also a lifetime of10 ns is observed, with
our opinion, the 8-ps time that is observed for the fastest large contribution (0.44), indicating that a large fraction of
quenching process represents hole injection from the exhe oligonucleotide adopts a conformation where 2AP does
cited 2AP onto the neighboring DNA base. The transfer ofnot stack at all with neighboring bases. It was shown by
the hole over the bases between 2AP and guanine is aPeterson and Feigon (1996) using NMR that RBE3 adopts a
sumed to occur on a much faster time scale. Of course, theonformation where the adenine at position 21 loops out
hole can hop back and forth between the 2AP and theompletely, whereas both neighboring bases (20 and 22 in
bridge. Only when the bases on the bridge are appropriatelyur case) stack upon each other. According to our data such
stacked will the hole move over the bridge to the guaninea conformation also occurs for 2AP in DNA2AP21 (and
(on a much faster time scale than 8 ps). most likely for adenine at position 21 in the other studied
oligonucleotides), but it coexists with a conformation where
nucleotide 21 is stacked with at least one neighboring base.
Obviously, the difference in distance between G20 and 2AP
At room temperature the contribution of the fast quenchingn the looped-out conformation as compared with the
process increases dramatically to 90% for DNA2AP10.stacked conformation cannot completely explain the enor-
Using the same model and assuming tipatdoes not mous difference in hole transfer rates}0 ns vs.~10 ps).
changep, becomes 0.72. This implies an increased amounBesides a distance dependence, a correlation between the
of stacking, which is to be expected in the partly double-overlap of ther orbitals between donor and acceptor must
stranded hairpin structure. In such a structure, quenching bglay an important role for the transfer rate.

a neighboring sugar would be less likely and, assuming that A somewhat similar situation occurs for DNA2AP26,
p, becomes Op, increases to a value of 0.75. Apparently, which does not base pair. Also in that case a slow compo-
even in such a hairpin structure, stacking is not perfect, andent of many nanoseconds is present, but its contribution is
there is disorder. Analogous to earlier results (Wan et al.much smaller (0.08 vs. 0.44). This is readily understood
1999), reorientation of the bases, in DNA2AP10 occurringbecause one neighbor (T25) does also not form a base pair
with a time constant of 50 ps, leads to further quenchingunlike both neighbors of DNA2AP21), and therefore the
(again, a slower quenching process that occurs when thtendency to loop out is less strong. It should be noted that
bases are not perfectly stacked might also explain thishe fast quenching rates for DNA2AP26 and DNA2AP21
component). The fact that the fast quenching time decreasese identical at room temperature and 80°C, unlike those of
from 11 ps to 5 ps suggests that additional quenchindNA2AP28 and DNA2AP10 where 2AP forms a base pair,
processes occur in the hairpin structure, possibly due to holand this agrees with the hypothesis above that in these latter
transfer to the guanines in the opposing strand. A similaDNAs in the stacked base-paired configuration the hole

Low temperatures
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transfer can occur to guanines in the opposing strand in thihat 7, is significantly faster, and the corresponding confor
latter two cases. mation hardly contributes to the observed depolarization.
The depolarization time depends strongly on the tempera-
ture. For molecules in solution the rotational time scales
with n/KT, wheren is the viscosityk Boltzmann’s constant,
We first discuss the anisotropy for DNA2AP21 at room andT the temperature (Cantor and Schimmel, 1980), and for
temperature. The fastest component is 140 ps (amplitude@ molecule in water one expects a decrease in time with a
0.20). This corresponds to a large extent to depolarization dfctor of 1.74 upon going from 24°C to 58°C and a factor of
2AP that is in the looped-out conformation, because the3.48 upon going from 24°C to 80°C. Using these factors,
stacked conformation has a fluorescence lifetime of only 1®@ne expects a decrease from 145 (average of 140 and 150
ps and does not contribute to the fluorescence on the timps) to 83 ps at 58°C and 42 ps at 80°C. This is close to the
scale of depolarization. Because the sugar of 2AP is immoebserved values (80 ps and 40 ps for DNA2AP21 and 60 ps
bilized in the sugar-phosphate backbone, depolarization iand 30 ps for DNA2AP26), consistent with the idea that
expected to be mainly due to rotation of the base around th2AP can loop out into the water environment. Itis of interest
glycosidic bond. The rotational correlation time is of the to see that the depolarization time of 2AP in DNA2AP28 is
same order of magnitude as that of free 2APR (80 ps), andlower at room temperature, pointing to hindered motion
the rotation is apparently hindered to some extent (both ir{not looped out), but at 58°C and 80°C the rotation occurs
time and space), probably by the restriction of the fixedwith a similar time constant as that of DNA2AP26, indicat-
glycosidic bond and/or the environment of the oligonucle-ing a similar freedom to move. Because of the high amount
otide, which is most likely somewhat more ordered than theof quenching at 24°C, no reliable rotational correlation
water environment of 2APR when it is free in solution. Thetimes for DNA2AP10 could be obtained. A very fast rota-
slow depolarization (1.8 ns, amplitude 0.16) is ascribed to dional correlation time of 22 ps is observed for DNA2APIN
combination of overall bending, twisting, and rotational at 20°C, but the corresponding contribution is very low
diffusion around several axes. All these processes have thei@.05), which might indicate a very restricted motion. At the
own characteristic rates and amounts of depolarization, butighest temperature the fast rotational times of all com-
resolving these is beyond the possibilities of the currenplexes are very similar, which is readily explained by the
measurements. Earlier results by Nordlund et al. (1989) inmelted structure in which all bases have the same motional
which 2AP was either base paired with another 2AP orfreedom.
adenine reported a short anisotropy time of, respectively, At room temperature all slow depolarization times are
~150 ps (amplitude of 0.092) and180 ps (amplitude of rather similar,~2 ns. The slow time of 2 ns most likely
0.128) at 25°C, which is comparable to the times we obtairreflects a combination of overall rotation, bending, and
considering both the decay times and the amplitudes. Gueswisting of the oligonucleotides (see above). The average
et al. (1991) report a rotational correlation time-680 ps  rotation time of DNA2AP21, DNA2AP26, and DNA2AP28
with an amplitude of 0.21 (the average for each of theis 2.0 ns (for DNA2AP10 it could not be determined due to
different possible counter bases T, G, A, and C) at 20°C, ghe fast quenching). Without structural changes one might
time constant somewhat faster then we find at 24°C, indiexpect a decrease t01.1 ns at 58°C (with the temperature
cating faster motion of the 2AP. Both studies (Nordlund etdependence given above), and the observed times for
al., 1989; Guest et al., 1991) report additional nanosecon®NA2AP10 (0.8 ns) and DNA2AP21 (0.9 ns) are relatively
components, also reflecting a combination of overall bend€lose, albeit that they are somewhat smaller than expected.
ing, twisting, and rotational diffusion. However, for DNA2AP26 and DNA2AP28 they are much
The amount of depolarization is 0.20, and if it is entirely smaller, namely, 0.4 ns. This shows increased mobility in
due to complete rotation around the glycosidic bond, thehe region close to the’sand 3 ends of the oligonucleo-
expected depolarization would be 0.33 using the values fatides, suggesting (partial) melting in this region. It should be
the orientation of the lowest energy transition dipole of 2APnoted that at 58°C the melting of the hairpin is not complete
as obtained by Holme et al. (1997) (see Appendix for (~50%), and these results indicate that melting starts at the
detailed calculations). Hence it is concluded that the loopedends of the hairpin. At 80°C the hairpin is completely
out nucleotide experiences hindrance to rotate completelynelted out and the rotational times are again very similar to
around its glycosidic bond. Similar results are obtained foreach other (namely, 0.2 ns). Based on the simple tempera-
DNA2AP26 (r = 150 ps and 2 ns). Whereas for ture dependence given above the slow depolarization time
DNA2AP21 the fastest depolarization time corresponds prewould have been 0.6 ns in the absence of denaturation
dominantly to the conformation in which 2AP is completely (2.0ns/3.48; see above). The idea of local melting is also
looped out (this conformation correspondsrioand domi  consistent with the value of the fast depolarization times at
nates the fluorescence intensity on the time scale of dep®8°C, which are found to be shorter for DNA2AP26 and
larization), for DNA2AP26, the contribution af, is far less  DNA2AP28 than for DNA2AP10 and DNA2AP21. It was
(8%) and even smaller than thataf(11%, Table 1). Note mentioned above that at room temperature, the fast depo-

Time-resolved anisotropy measurements
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larization of DNA2AP21 is mostly due to the looped-out TABLE 4 Calculated quenching rates k, with corresponding
conformation (not the stacked one). However, at 58°C thérobabilities A, for DNA2AP10 assuming one quenching
situation has changed because the relative contribution d¥°cess (see Appendix)

this conformation has decreased and more interconversion Ao ko
with the stacked conformation occurs; the ratio of the con- A - py)? 0
tribution of 7,/T; decreases from 11 to 1.7. pa(1 — py)? 0
Pi(1 — py)? 0
il — py) ky
CONCLUSIONS Pyl — po)* ky
pi(l — py) Ky
Using time-resolved (polarized) fluorescence spectroscopy pz(l ~ Py ';k
P1 1

on DNA hairpins that were site-selectively substituted with
the fluorescent adenine analog 2AP, several structural and

dynamical features of the DNA hairpin structure could be

revealed. due to one guanine is denoted kyand the rate due to two guanines (on

Structural heterogeneity of the DNA hairpin was demon-both sides) is B,. The situations that can occur, with the corresponding

- . . probabilitiesA,, are given in Table 4
strated by the extraction of four isotropic fluorescence de The sum of all the probabilities for the slow components f, ). X.

cay times, correspondlng to different degrees of quenCh'ng; (1 + p)(1 — py? The contribution of the fast component is therefore
of the 2AP fluorescence. We suggest this quenching to be — x = 1 — (1 + p,)(1 — p,)> This model can explain the decay rates
due to hole transfer from 2AP to guanine, and it could bewith their corresponding contribution for both DNA2AP10 and
well described using a simple model based on the probabilPNA2AP21 at 80°C if a probability op, = 0.39 is used. However, an

. - : . . : _ dditional fast quenching process with rgehas to be taken into account
ity of StaCkmg of nelghbormg bases. Besides intra Stranq; describe all the magic-angle decay data consistently. This fast quenching

hole transfer there are strong indications for S'gmf'camprocess has a certain probabilityto occur; the DNA should have the right
inter-strand hole transfer in the base-paired hairpin. conformation for this process. Importantly, the additional fast quenching

Heterogeneity is particularly clear for DNA2AP21 where process does not occur in all conformations, because otherwise the contri-
a stacked and a looped-out conformation coexist. The dighution of the fast component in the data would always equal pye (1).

order in the DNA was illustrated by the fact that even for If an _add_ltlonal independent quenching process is tak_er_1 into account, the
contribution for the slow components has to be multiplied by—(1p,).

dogble'sFranded regions, the probability of stacking forTable5presents the calculated results obtained for DNA2AP10 psiag
neighboring bases seems to be only5%. 0.25 andp, = 0.28.
Both dynamics of the entire DNA as well as local dy- The observed rate will now be approximately equal to [0kL9F

namics were reflected in the fluorescence anisotropy datd.214. + 0.08k + k)J[0.197 + 0.241 + 0.08] = 10 ps™ for
DNA2AP10 and DNA2AP21. For DNA2AP28 the contribution lof is

althoth t.he .slgnal—to-n.mse ratlc_) IS .nOt hlgh .enOUgh tonegligible, sok, = (20 ps)* = 50 ns* (the first quenching process is
allow detailed Interpretations. Besides Isotropic times-6f negligible for this DNA because fitting the data only wihgives a much

ps reflecting direct hole transfer andl ns representing too low contribution for the fast component). From these two equations it
conformations unfavorable for transfer, two intermediatefollows thatk, = 128 ns*. Using this model, the magic-angle data at 80°C
isotropic times were found. These times 50 ps and for all the 2AP-substituted DNA oligodeoxynucleotides can be described

. . ._as illustrated in Table 3.
500 ps represent either conformations that reorgang When going to lower temperatures, the contribution of the fast compo-

before quenphlng can occur or conformations leading Qent for DNA2AP10 increases dramatically up to 90%. Obviously, the

slow quenching. probability of stacking is very much enhanced in this more rigid hairpin
By studying the polarized fluorescence decay as a funcstructure. If one assumes that the probabitifyfor the additional quench

tion of temperature, the dynamics of the melting procesglg process does not change, it turns out that the upper limji,fes 0.72

- - P or the bases around the 10 position. This value represents the disordered
could be mvestlgated. The results Strongly indicate IOca'[structure of the DNA hairpin; the probability that two neighboring bases

melting; initially, th_e.C'N terminal enq OT the hairpin melts, i siack is only 72%, even at room temperature. If one assumesshat
whereas the remaining part of the hairpin starts to melt onlypecomes equal to 0, the probability for stacking goes up only a little bit

at higher temperatures. to 75%.
APPENDIX TABLE 5 Calculated quenching rates with corresponding
. . contributions for DNA2AP10 assuming two quenching

Modeling of the observed quenching rates processes using p, = 0.25 and p, = 0.28
For DNA2AP10 at 80°C (complete denaturation), eigh) &tuations (for Relative
bases G8, C9, 2AP10, and G11) for the orientation of the bases with respect Ay ko contribution
to their neighbors can be distinguished, if two mutual orientations ar B
assumed for two neighboring bases (stacked and unstacked). The proi}h)é(-l P2) very slow 0.506

> ) i ) o8 Ky 0.197
bility that neighboring bases are stacked is calfgd and hence the
probability that two neighboring bases do not stack is equal+top. The (1 =X)L = py) Ky 0.214

' 1 - X)p, ky + ks 0.08

total quenching rate of 2AP is denoted ky The quenching rate of 2AP
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