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Abstract: Picosecond and nanosecond dynamics in the interior of DNA are observed for the first time as a
dynamic Stokes shift in the fluorescence of a specially designed base-pair analogue. A recently synthesized
coumarin C-riboside has been incorporated into an oligonucleotide in place of a normalpyuimaline

base pair. The dynamic Stokes shift of this probe occurs with components near 300 ps and 13 ns. These times
are too long for solvent relaxation or simple vibrational motion of the DNA framework. They imply that the
interior of DNA is a unigue dynamic environment unlike either a fluid or a molecular crystal.

Introduction

The detail and precision of DNA crystal structures can divert
attention away from the importance of thermal fluctuations

around these structures. Recent computer simulations have raise

the possibility that there are relatively large fluctuations away
from the average structure with lifetimes in the picosecond
rangel~® The existence of such fluctuations has profound
implications for a variety of biologically important processes.

The sequence dependence of static deviations in DNA structure

has been implicated in gene recognition and DNA/protein
interactions 8 and a similar role has been hypothesized for
sequence-dependent variations in flexibility and relaxation
rates?1°The possibility of rapid electron transfer through DNA
is being intensely debatéd#:1* Strong fluctuations in the DNA
structure would dramatically affect electron-transfer rates, both
by modulating the interbase coupling and by providing a
reorganization coordinate capable of localizing charge. The
dynamics of structural fluctuations are also critical to the rates
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of chemical reactions occurring within the DNA, because they
determine how quickly the DNA can adapt to the product’s new
geometryt>-18 We have directly time-resolved the dynamic
puctuations within the interior of DNA using ultrafast spec-
roscopy in concert with a specifically designed photophysical
probe. The results show that DNA provides a unique dynamical
environment that is distinctly different from either a simple-
fluid or a rigid-crystalline environment.

Although there have been many observations of DNA motion
over longer lengths or longer timé%20experiments measuring
motions at the level of individual bases and in the picosecond
time range have been difficult. The inherent time scales of
nuclear and electron magnetic resonance limit their ability to
guantify motion on the picosecond time sc#e* Nonetheless,
modeling of indirect effects often indicates the presence of
significant localized, internal motion within DNA in the
picosecond time rang®:24-3° Fluorescence anisotropy decays
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of intercalated fluorophores have picosecond time resolution,
but are dominated by overall tumbling or collective bending
and twisting motion$!32 Nonetheless, small components in
these decays have been attributed to local mefidmisotropy
decay of intrinsic DNA-base fluorescence has been attributed
to localized motions on the picosecond time séalbut the
interpretation is obscured by the possibility of excited-state
mixing and the complex photophysics of the baSagbrational
spectroscopy provides evidence for changing or multiple
conformations within DNA, but gives no direct information on
the associated time scafs* Figure 1. Structures of the coumarin C ribosideand abasic-site
We introduce time-resolved Stokes shifts (TRSS) as a method analogue? that form a base-pair analogue with good photophysical
of directly observing the local dynamics of DNA. The TRSS properties.
technique has been used extensively to measure the dynamics
of simple liquids by using fluorophores free in solutitn?3 conditions, the intrinsic properties of the DNA would determine
When a fluorophore is excited, its properties, e.g., polarity or its reorganization time.
polarizability, change significantly, causing the local solvent By introducing the TRSS experiment, we have tested that
structure to reorganize. This reorganization reduces the energyhypothesis. In a room temperature, aqueous solution, the DNA's
of the system and causes the fluorescence to shift to longergynamics are several orders-of-magnitude slower than the
wavelengths, i.e., a Stokes shift develops. The rate of shifting solvent's. The reorganization is multiexponential, showing that
of the fluorescence spectrum directly reflects the rate of at |east two reorganization processes are involved. Moreover,
reorganization of the fluorophore’s environment. By the fluctua- 3 |arge fraction of the dynamics is still unresolved with the

abasic site

@

B-C-glycoside
M

i—o

tion—dissipation theorerft, this rate also gives the lifetime of
thermal fluctuations in the unperturbed system.

This method has not been applied to DNA primarily because
of the poor photophysical properties of either native DNA or
currently available forms of modified DNA. To address this
problem, we synthetically replaced a normal DNA purine
pyrimidine base pair with a fluorophore specifically designed

current 100 ps time resolution. However, straightforward
extensions of the current techniques can explore those faster
processes as well.

Results

Incorporating a Photophysical Probe into DNA. Two of

to optimize TRSS measurements. The DNA becomes theus have recently reported the synthesis of the coumarin
fluorophore’s “solvent”, and the TRSS measures the dynamic C-riboside 1 (Figure 1), a fluorescent molecule designed

motion of the DNA. Because the TRSS is caused by intermo-

specifically for the present studiésSeveral considerations went

lecular interactions between the fluorophore and nearby groupsinto the design of this molecule. It incorporates the well-

in its environment, the TRSS is insensitive to either global
motion of the oligomer or long-range twisting and bending
motions. Instead, it results almost entirely from movement of
groups proximal to the fluorophore.

In earlier work, we used a high viscosity, cryogenic solvent
to slow the DNA dynamics, so they could be measured by
steady-state techniqu&sWe showed that DNA does reorganize
through a slow, diffusive process. However, under those
conditions, the DNA's reorganization rate matched the solvent’s

characterized Coumarin 102 molecule as its fluorophore. Work
on solution-phase TRSS has demonstrated that Coumarin 102
and related dyes are nearly ideal profed347.48 Coumarins
have simple photophysics uncomplicated by competing pro-
cesses: they have no low-lying electronic states that interact
with their first excited staté8 (although see ref 49) and
nonradiative relaxation and intersystem crossing are weak,
resulting in near unity quantum yiel§$.

The amine group of is rigidified, preventing intramolecular

reorganization rate. We hypothesized that the solvent wastwisting or pyramidalization in the excited state, as occurs in

exerting a rate-limiting effect, and that under physiological
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other coumaring? Extensive measurements by Seidel, Schulz,
and Sauer show that Coumarin 102 is unlikely to either donate
or accept electrons from DNA basg&sprocesses which would
guench fluorescence. The absorption maximurh igfnear 400
nm, a wavelength long enough to prevent energy transfer to or
electronic mixing with the transitions of the normal DNA bases.
Molecular modeling of compouritin duplex B-DNA (Figure
2, details in the Experimental Section) shows that when it is
positioned opposite the abasic-site analogjirehelical B-DNA,
the coumarin portion effectively replaces a normal purine
pyrimidine base pair. There is no significant distortion of the
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Figure 2. Molecular modeling structure of the modified 17-mer duplex
showing the synthetic chromophore occupying the site of a base pair.
The yellow fluorophorel is covalently attached to the blue DNA strand.
The purple DNA strand has the abasic siteomplementary to the
fluorophore.

double helix, as measured by ‘Gh C1 distance$? Coumarin
102 itself has a low solubility in water relative to organic
solvents, so hydrophobic forces will also favor the coumarin
unit occupying the DNA interior as opposed to extending into
the aqueous medium.

Coumarins have a large increase in dipole moment in their

is primarily sensitive to the local electric field. Thus as a TRSS
probe, compound will respond specifically to movement of
charged groups in the dye’s local environment.

In the synthesis of fluorophorg, a Coumarin-102 unit is
covalently attached to a 2-deoxyribose vja€&-glycosidic bond

(52) Eritja, R.; Walker, P. A.; Randall, S. K.; Goodman, M. F.; Kaplan,
B. E. Nucleosides Nucleotidel987, 6, 803—814.
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O\ OCH;CH;CN

rll(i-Pr)2

formed using a palladium-promoted Heck coupling between
glycal 3 and coumarin triflaté (retrosynthetic Scheme 1). This
arylation reaction sequence occurred with complete control of
stereochemistr{?

Incorporation of this fluorophore into an oligonucleotide
proceeded by protection of the'-Bydroxyl group as the
dimethoxytrityl (DMT) ether followed by phosphitylation of
the 3-hydroxyl group to afford phosphoramidifgScheme 2).
This reagent was incorporated directly into a 17 base-pair
DNA oligomer using standard automated oligonucleotide
synthesis protocols. For the photophysical experiments described
below, we prepared the modified T7-RNA-polymerase-
promoter sequence’-8(TAATACGAL1CCACTATA)-3 as a
“typical” B-DNA sequence. The complementary sequenee 5
d(TATAGTGG2TCGTATTA)-3 was prepared with abasic
model2 in the position complementary to coumatfir¥?

The two sequences anneal to form a normal DNA duplex.
The circular dichroism spectrum of the oligomer indicates a
B-form double helix. Melting studies show a decrease in stability
compared to the native duplex containing é0Gase pair. In
pH 7.2 phosphate buffer (100 mM) containing 100 mM NacCl,
the native duplexi—C, 2—G) has aT, of 58.5°C, whereas
the modified duplex containingr2 melts atT,, = 45.5°C. This
destabilization is typical for a non-native base-pair substitiitton.

The coumarin remains strongly fluorescent in the double
helix. In fact, the fluorescence lifetime is increased relative to
aqueous solution (7.4 vs 4.2 ns). Because the coumarin in this
sequence is surrounded by one of each of the normal DNA
bases, we infer that electron transfer or other quenching
processes will not be a problem for this fluorophore in other
sequences as well.

Spectroscopic measurements (Figure 3) support the molecular
modeling prediction that adopts a position in the interior of
the DNA. The excitation spectrum &f(Figure 3) is red-shifted
in the duplex (c) relative to the spectrum free in aqueous buffer

?a), and the spectrum in the melted oligonucleotide is intermedi-

ate between the two (b). These results are consistent with the
probe being shielded from the solvent in the duplex and partially
exposed in the single-stranded oligomer. Melting experiments
performed with detection in the coumarin absorbance band at

(53) Packer, M. J.; Hunter, C. Al. Mol. Biol. 1998 280, 407—420.
(54) Moran, S.; Ren, X. F.; Rumney, S.; Kool, E.Jl.Am. Chem. Soc.
1997 119 2056-2057.
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Figure 3. Steady-state fluorescence excitation (left) and emission %
(right) spectra ol (a) free in solution, (b) in the melted, single-stranded 5
oligonucleotide (90C), and (c) in the double-stranded oligonucleotide =
(25°C). Dost| 1
380 nm show that the coumarin spectral changes occur in con- % l\._\
cert with the melting of the DNA, as monitored by the absorp- = ~
tion at 260 nm. Additionally, the Stokes shift bin the duplex T L k
is smaller than that in solution (Figure 3), indicating that its 0.0 o 5 10 15 2:) 25
environment cannot reorganize as effectively as in water. Again, Time (ns)

the melted oligomer has an intermediate Stokes shift, consistent

with partial exposure to the solvent. With an appropriate Figure 4. Wavelength resolved fluorescence decays of the modified
fluorophore positioned in the interior of the DNA duplex, TRSS  ©ligomer: (a) full decays collected at 460 nm (upper points) and 550
measurements of the DNA dynamics become possible nm (lower points) (the decays have been normalized to match at long

. - - time) and (b) subtraction of these two decays (data (points) and
Eme Resolved Mezsurerzents of DSNAkDyn?]r.?;wnfeﬁr"?r instrument response function (solid line)). The difference is caused by
studies, we measured steady-state Stokes shifts of the intercag dynamic Stokes shift induced by DNA motion.
lated fluorophore acridine orandeln the current work, we have
not only replaced the structure-perturbing intercalator acridine y y y T

orange with the structure-preserving fluorophbyeve have also

-
o

turned to fluorescence measurements with picosecond time =
resolution. &

Fluorescence decay measurements iofthe oligomer were Fn
made at 10 wavelengths, but the qualitative features are evident 205
by examining just two decays. Figure 4 shows decays on the g

blue (460 nm) and red (550 nm) sides of the fluorescence
spectrum. The long exponential decay common to both wave-

lengths corresponds to the fluorescence lifetime (7.4 ns). At 0.0 . ! : :

short times, the long wavelength measurement shows a rise in 450 S00 550 600

intensity, whereas the short wavelength measurement shows an Wavelength (nm)

additional fast decay. These effects are caused by the fluoresrigyre 5. Representative time-resolved fluorescence spectra of the
cence spectrum shifting from short to long wavelengths. modified oligomer. Left to right on the short wavelength side: 100 ps,

The difference between the blue and red decays is shown in300 ps, 3.0 ns, and 30 ns. Reconstructed data (points) and log-normal
Figure 4. The TRSS contribution to the signal is much larger fits (curves). Spectra are normalized to constant area.
than the noise and has components much longer than the

instrument response function. The presence of at least two 10 " ! ' ' " "
relaxation times is noticeable.
A more quantitative analysis comes from using the full set
of wavelength-dependent decays to reconstruct the time-
dependent fluorescence spectra (Figuré®She spectra show 05 f .

a continuous shift with time, as expected for a continuous
evolution of structure. In contrast, a transfer between two
discrete conformers or substates would have given an isosbestic
point in the spectra.

The time evolution of the spectral peak gives the standard 0.0 : 1‘0 1'5 2'0 2‘5 3'0
solvation response function for the DNA (Figure*6)3 The
function is well fit by a biexponential with time constants of
300 ps and 13 ns. (The fit function for the peak fluorescence Figure 6. Solvati_on response function for_the interior of DNA derived
frequency is 19856 cnt + 312 cnT[0.47 exp(t/300 ps)+ from the rel_axatlon of the pea_k of _the tlme-(_jep_end_ent_ fluorescence
0.53 exp(t/13.4 ns)].) The dynamics clearly occur on two spectrum (Figure 5). The curve is a biexponential fit with time constants
distinct time scales and at least two distinct mechanisms mustOf 300 ps and 13 ns.
be involved. We note that there are likely to be other fast relaxation

(55) Maroncelli, M.; Fleming, G. RJ. Chem. PhysL987, 86, 6221 processes in addition to those observed here. We only observe
6239. a Stokes shift of 312 cmt within our time range, whereas the

Response Function

Time (ns)
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total Stokes shift is expected to be roughly 1500-&n{The lifetimes extending into the 100’s of picoseconds ratifé?
Stokes shift in cyclohexane is a bound on the 0 Stokes Thus, it is very plausible that our 300 ps time scale is connected
shift. In cyclohexane, the emission and excitation spectra crosswith relaxation of the DNA structure. Because of limitations
at 65% of their maxim&® Our estimate assumes the same on the length of computer trajectories, it is not known if these
crossing point occurs in our sampleg at 0.) Presumably, the  fluctuations also extend out to the 13 ns time seen in our
missing Stokes shift occurs faster than we can resolve with our experiment.

current instrumentation. This hypothesis is certainly consistent  On the other hand, the TRSS may be sensing motion in the
with molecular dynamics simulations, which see the majority perturbed environment outside the DNA proper. For example,

of the relaxation occurring before 10 p%.58 the counterion atmosphere of the DNA may affect the electric
) i field in the interior of the DNA. Thed-relaxation seen in
Discussion dielectric measurements of DNA solutions is attributed to

The relaxation times seen in the TRSS experiments are toodiffusion of the counterions along the DNA chanit occurs
slow for many of the most obvious processes. They are too slow©n the tens of nanqseconds time scale and could be related to
to represent even low-frequency vibrational motion of the DNA the long time seen in our TRSS measurements.
or quasiharmonic oscillation of the fluorophore within a static ~ The water next to and in the grooves in the DNA is strongly
DNA structure. The relaxation of water itself is subpicosecnd, perturbed, up to the point of forming a crystallographically
so we are not directly detecting bulk solvent motion. Times Sstructured “spine of hydratiorf® The constrained motion of
this slow must result from complex, cooperative reorganization this watef’ or exchange of this water with ioffsmay also
of the DNA structure and its immediate surroundings. These contribute to the TRSS.
motions are more similar to the diffusive reorganization of a  These initial results establish that the interior of DNA
liquid than to the vibrational motions of a crystal. experiences an unusual dynamic environment. They also raise

A similar situation occurs with proteins. Proteins have numerous questions about the origin of the dynamics, their
crystallographically well-defined average structures, but suffer dependence on sequence and external conditions, and the
dynamic fluctuations about this aversf§ef2 These fluctuations ~ possibility of even faster processes. The techniques introduced
are often described in terms of diffusion on a rugged potential here are easily extended to systematically modified DNA'’s and
energy landscag®,and related ideas may be useful in describing to shorter times? These future studies will provide an extensive
DNA dynamics. and detailed exploration of the unique dynamics of DNA.

In previous work, we found that in a high-viscosity, cryogenic
medium, the average DNA relaxation rate exactly equals the Experimental Section
solvent relaxatlon. raté At that time, we hypothe_S|zed that Coumarin Dimethoxytrityl Ether. A solution of1 (100 mg, 0.28
movement of portions of the DNA also involves dlsplacgmgnt mmol), coevaporated with pyridine (2 3 mL), dissolved in dry
of solvent. In a high-viscosity solvent, the solvent reorganization pyrigine (4 mL) under N at 25°C was treated with bis(4-methoxy-
becomes rate limiting. In the current work, the aqueous solvent phenyl)phenylmethyl chioride (114 mg, 0.34 mmol, 1.2 equiv). After
relaxes very quickly, in under 1 §8.Under these conditions, 3 h at 25°C, the reaction mixture was diluted with saturated aqueous
the DNA relaxation rates are much slower than the solvent NaHCQ; (10 mL) and extracted with Ci€l, (3 x 10 mL). The
relaxation rates. These results support the conclusion that thecombined organic extracts were dried ¢S@) and concentrated, and
DNA relaxation requires significant motion of the external the residue was purified by flash chromatography (2.5 cm EtN
solvent, but also show that there are significant internal deactivated silica, ED) to afford the corresponding DMT ether (164
constraints on the motion as well. mg, 89%) as a yellow foam*H NMR (300 MHz, CDC}) ¢ 7.25 (m,

A more specific assignment of the DNA motions bein OH, ArH), 6.91 (s, 1H, ArH), 6.83 (m, 4H, Art), 6.26 (s, 1H, ArH),
S 9 . ) 9 534 (ddJ = 6.4, 9.5 Hz, 1H, CTH), 4.33 (m, 1H, C3H), 4.11 (m,
observed is still somewhat speculative. The coumarin probe we ;4 C4-H), 3.71 (s, 6H, 2 OCH), 3.35 (M, 1H, C5H), 3.15 (m, 5H

used is specifically sensitive to motions of charges. A variety » cH, 4 C5-H), 2.85 (m, 2H, CH), 2.71 (m, 2H, CH), 2.40 (m, 1H,

of charged groups exist in the DNA proper. The hydrogen bonds c2-H), 1.85 (m, 5H, 2 CH+ C2-H); 3C NMR (75 MHz, CDC}) 6

in the base pairs have strong dipole and quadrupole moments162.8, 158.5, 156.3, 151.2, 145.6, 144.7, 135.7, 130.0, 129.9, 128.1,
These moments produce strong, but short ranged electric fields.127.8, 126.8, 120.9, 117.9, 113.1, 106.9, 106.2, 104.0, 103.4, 86.3,
Thus distortions of the base pairs are likely to contribute to the 85.9, 75.2, 64.3, 58.5, 55.2, 49.8, 49.4, 21.5, 20.6, 20.4; FABMS,
observed dynamics, but the contribution from the pairs neigh- 659 (M"), 303, 118. B _

boring the fluorophore will dominate over more distant base Coumarin Phqsphoramldlte 5.A solution of the above ether (100
pairs. The phosphate groups on the DNA backbone have full M9: 0-15 mmol) in anhydrous GBI, (3 mL) under N at 25°C was
charges, which produce long-range monopole fields. Motion of réated sequentially with tetrazole (6 mg, @fol, 0.5 equiv), dry

the phosphates is also likely to contribute to the TRSS. diisopropylamine (1L, 75 umol, 0.5 equiv), and (2-cyanoethy))-

. . . - N,N,N',N'-tetraisopropyl phosphorodiamidite (55 mg, 0.18 mmol, 1.2
Molecular dynamics (MD) simulations indicate that there are equiv). Afta 3 h at 25°C, the reaction mixture was diluted with GH

a variety of relatively large fluctuations in DNA structure with  ¢|, (10 mL) and dried (Ng5Qy). The solvent was removed in vacuo

(56) Fee, R. S.; Maroncelli, MChem. Phys1994 183 235 247. and the reS|dL_u_e was purified by flash chromatography (2 cm EtN

(57) Winger, R. H.; Liedl, K. R.; Rdisser, S.; Pichler, A.; Hallbrucker, ~ deactivated silica, 5% C}DH/CH,CI) to afford5 (85 mg, 71%) as a
A.; Mayer, E.J. Phys. Chem1998 102, 8934-8940. yellow foam: *H NMR (300 MHz, CDC}) 6 7.30 (m, 9H, ArH), 6.9
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1994 369, 471-473. Acids 1998 682
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(s, 1H, ArH), 6.8 (m, 4H, ArH), 6.32 (s, 1H, ArH), 5.3 (dd,= 6.2,
9.5 Hz, 1H, C1-H), 4.45 (m, 1H, C3H), 4.10 (m, 1H, C4H), 3.80
(s, 6H, 2 OCH), 3.65 (m, 6H, G1,CH.CN, and 2 Gi(CH),), 3.4 (dd,
J=5.2,9.8 Hz, 1H, C5H), 3.2 (m, 5H, CH + C5-H), 2.8 (m, 2H,
CHy), 2.7 (m, 2H, CH), 2.40 (ddd,) = 2.4, 6.2, 13.1 Hz, 1H, CH),
1.9 (m, 5H, 2 CH + C2-H), 1.19 (d,J = 3.1 Hz, 6H, CH(®s)s, 1.17
(d, J = 3.1 Hz, 6H, CH(G13).); 3C NMR (75 MHz, CDC}) 6 162.7,

158.5, 156.1, 151.2, 145.6, 144.7, 135.7, 130.0, 129.9, 128.1, 127.8,
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collected with excitation at 390 nm and excitation and emission band-
passes of 8 and 4 nm, respectively. Excitation spectra were recorded
with detection at 520 nm and emission and excitation band-passes of
4 and 8 nm, respectively. Melting studies were done on a Beckman
DU 640 UV/VIS spectrophotometer with Peltier temperature control.
Aseo values were recorded every 0.5 min from 15 to°8€0 (0.5 deg
C/min).

Fluorescence decays were collected using standard time correlated

126.8,120.9, 117.9, 117.6, 113.2, 106.9, 106.2, 103.5, 86.3, 85.8, 75.1 single-photon counting techniqu&sSubpicosecond excitation pulses

74.1, 64.3, 59.2, 58.2, 51.2, 49.8, 49.4, 42.9, 42.1, 24.6, 24.5, 21.5,

20.6, 20.4, 20.3, 20.2, 16.9, 16.8.

DNA Synthesis.Oligonucleotides were synthesized (@120l scale)
using an Applied Biosystems 392 DNA/RNA synthesizer with com-
mercially available reagents and protocols. Phosphoramiliteas
incorporated using standard coupling times for oligomers containing

at 390 nm were generated from the output of a home-built, mode-
locked, Ti:Sapphire laser by using an external acousto-optic pulse
selector, followed by second harmonic generatiorail mm BBO
crystal. Fluorescence was collected by a subtractive double monochro-
mator with a band-pass of 3 nm. The instrument response function
typically had a fwhm of 100 ps.

1. Cleavage from the support and base deprotection was accomplished

by treatment with concentrated N&H (16 h, 25°C). Following HPLC
purification of the 5DMT-protected DNA (95 to 50% A over 40 min),
the product fraction was lyophilized and detritylated with 80% acetic
acid (400uL, 0.5 h, 25°C). The mixture was concentrated to dryness
and dissolved in 0.2 mL of $D, and the final oligonucleotide product
was purified by HPLC (92 to 75% A over 30 min). ESIMS for DNA
containing coumarirl: found 5254.0; calcd 5252.5. ESIMS for DNA
containing tetrahydrofura@: found 5108.5; calcd 5105.6.

HPLC purification of the oligonucleotides was performed using a
Perkin-Elmer Model 250 Biocompatible LC pump, LC-290 detector,
and PE Nelson 1022 Plus computing integrator with ax.250 mm
Hamilton PRP-1 reverse-phase column (mobile phasess &1 M
triethylammonium acetate, pH 6.5; 8 CH;CN).

Molecular Modeling. Energy minimization was performed to
convergence (RMS= 0.01 A/mol) with the AMBER* force field and
long-range electrostatic corrections as implemented in MacroModel v
5.5, using explicit sodium counterions and GB/SA water treatment.

Sample Preparation and SpectroscopyAll experiments were
performed in 100 mM phosphate buffer, pH 7.2, at Z5. The
concentration of the DNA was1.75 mM (nucleotide). Melting studies
show that the oligomer is double helical under these conditions.
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