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Abstract: The band widths in Raman spectra are sensitive to dynamics active on a time scale
from 0.1 to 10 ps. The band widths of nucleotide vibrations and their dependence on tempera-
ture, concentration, and structure are reported. From the experimental band widths and second
moments, it is derived that the adenine vibrations at 725, 1336, 1480, and 1575 cm01 , and the
uracil vibration at 787 cm01 , are in the fast modulation limit. The correlation times of the
perturbations are faster than 0.4 ps. Thermal melting of the helical structure in polynucleotides
results in larger band widths, due to an increase in vibrational dephasing and energy relaxation
as a consequence of the increased interaction of the base moieties with the solvent molecules.
The band width of the 725 cm01 adenine vibration is dependent on the type and structure of
the backbone. It is found to be perturbed by movements of the sugar–phosphate moiety relative
to the base. The band width of the 1575 cm01 adenine vibration is found to be sensitive to the
base-pairing interaction.

From a comparison of the band widths in polynucleotides with a different base sequence
(homopolymer vs alternating purine–pyrimidine sequence), it is concluded that resonant vibra-
tional energy transfer between the base molecules is not important as a relaxation process for
the vibrational band widths of nucleotides. Several theoretical models for the interpretation of
band widths are discussed. The theory does not take into account the strong hydrogen-bonding
nature water and hence fails to describe the observations in nucleotide–water systems. The
bands of the carbonyl stretching vibrations are inhomogeneously broadened. The carbonyl
groups have a strong dipolar interaction with the polar water molecules and are therefore
strongly perturbed by coupling to the heatbath via hydrogen bonds. q 1997 John Wiley &
Sons, Inc. Biopoly 41: 751–763, 1997
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INTRODUCTION in polynucleotides range from 8 wavenumbers to
35 wavenumbers, and the corresponding time scale
of the perturbing forces ranges from fractions of aRaman spectra of complex molecules do not consist

of a set of sharp lines, as time-dependent forces picosecond to several picoseconds. Vibrational fre-
quencies depend on static molecular parameters asbroaden the vibrational bands. Raman band widths

Correspondence to: C. Otto
Contract grant sponsor: Netherlands Organization for the Ad-

vancement of Research
q 1997 John Wiley & Sons, Inc. CCC 0006-3525/97/070751-13

751

5433/ 8K20$$5433 03-24-97 16:19:57 bpa W: Biopolymers



752 Terpstra, Otto, and Greve

force constants, bond distances and angles, atomic may be modulated by these type of movements. (4)
For hydrogen bond breaking and formation, hydro-masses, and electric charges. Dynamic parameters

of atomic and molecular motions determine the vi- gen bond breaking times are on the order of 0.5
ps21 to 2–3 ps.17 Indirect dephasing may occur viabrational band shapes. A number of processes have

been distinguished that broaden the vibrational hydrogen bonds between nucleotide and the solvent,
acting as the heat bath.bands in the frequency domain. The theory is well

covered in a few papers1–8 and a recent overview Since polynucleotides have a nicely defined
structure, it can be anticipated that different vibra-also covers a comparison between experimental re-

sults and theoretical predictions.9 tions will have a different coupling to the existing
degrees of freedom. It may thus be possible to dis-Most investigations on Raman band width effects

have been done for simple molecules in low viscos- tinguish between the different types of perturba-
tions. Another way is to compare changes of theity environments, where vibrational dephasing dom-

inates the band width.1,2,10,11,12 In this paper, the band width with predictions by theoretical models.
The rate of vibrational dephasing, for example, de-more complex system of polynucleotides in an

aqueous buffer solution is studied. Polynucleotides pends on the number of collisions, which in turn
is dependent on the temperature, density, and theare complex polymers arranged in single- or double-

stranded helical structures. In a double-stranded he- viscosity of the solution. Resonant vibrational en-
ergy exchange is dependent on the orientation oflix, the bases are on the inside of the helix and are

hydrogen bonded to the bases of the complementary and distance between the interacting molecules. So
polynucleotides with different structure and basestrand. The first hydration shell 13 consists of 20 mol-

ecules of water per nucleotide in native B-DNA. Of compositions will have different rates of vibrational
resonance exchange. In this paper, Raman bandthese molecules, 11–12 are in direct contact with

DNA and are tightly bound. This inner primary hy- widths of nucleotide spectra will be compared with
theoretical models. Also, the dependence of differ-dration shell is impermeable to cations and does not

freeze into an ice-like state at temperatures well ent vibrations on nucleotide structure and base com-
position will be reported.below 07C. A secondary hydration shell of loosely

bound water molecules surrounds this structure.
Many dynamical processes, such as vibrational en-
ergy exchange, vibrational resonance coupling, vi-

MATERIALS AND METHODSbrational dephasing, and rotational broadening14,15

may occur in this system in the (sub)picosecond
time domain, which may contribute to the band Chemicals
width of the vibrational modes. A number of dy-

From Sigma we purchased the mononucleotides 5 *-rAMPnamical processes in a nucleotide–water system oc-
(lot no. 90H7215), 5 *-dAMP (lot no. 66C-7040), 5 *-cur sufficiently frequent to contribute to dephasing:
rATP ( lot no. 29F7110 ) , and 5 *-rUMP ( lot no.(1) Translational and rotational times of water mol-
48F05481). The 3 *-dTMP was obtained from PL-bio-ecules and rearranging times of water–water clus-
chem. (lot no. 654162) and adenine was obtained from

ters are on the order of 1–10 ps, according to Finney Serva (lot no. 10739). The polynucleotides were pur-
et al.16 Ohmine et al.17 report for the molecular dy- chased from Pharmacia, poly(rA) (lot no. AA4110P01),
namics of water that on average the hydrogen bonds poly(dA) (lot no. 3017836011), poly(rU) (lot no.
of every water molecule are broken every 10 ps and AB4440P08), poly(rA)rpoly(rU) (lot no. QH8245-
that cluster rearranging times are in the order of 2101), poly(rA-rU)rpoly(rA-rU) (lot no. AA7990P03),

poly(dA)rpoly(dT) (lot no. 2107860011) and poly(dA-30 ps. (2) For dynamics in the sugar group, sugar
dT)rpoly(dA-dT) (lot no. AE7870108). All the nucleo-repuckering in nucleotides takes place every 0.5–
tides were used without further purification and were dis-1.8 ps.18 Some base vibrations have part of their
solved in an aqueous buffer solution containing 93 mMpotential energy distributed over the backbone,19

NaCl, 10 mM Na2HPO4, 7 mM NaCacodylate and theand they may then also be modulated by these per-
pH of the buffer was 7.2. The concentrations were 78turbations. (3) For dynamics in the backbone, mo-
mM for 5 *-rAMP and 5 *-rATP, 20 mM for 5 *-dAMP, 7

tions of molecular groups occur on a (sub)picosec- mM for adenine, and 40 mM for 3 *-dTMP. The concen-
ond time scale. The measured time for a rotation of trations for the single-stranded polynucleotides were 78
1807 of a buried tyrosine in protein takes 0.5–1 ps20

mM bases for poly(rA) and 14 mM bases for poly(dA).
and the rotational tumbling motion of free benzene The double-stranded polynucleotides were dissolved in
through an angle of 417 takes 2.6–2.8 ps.14,15 Base the concentrations of 14 mM base pairs for poly(rA)

rpoly(rU) and 10 mM base pairs for poly(rA-rU)vibrations that are coupled to backbone vibrations
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tra of complicated biological molecules containing
often more than 40 vibrational bands.22,23 The quan-
titative information concerns the following: (1) the
position, indicative of the force field; (2) the inte-
grated intensity, which is sensitive to local structure
and stacking interactions; and (3) the band width,
which gives information about the (sub)picosecond
dynamics. Figure 1 gives a typical example of the
quality of the curve fitting of nucleotide spectra. In
this paper we will concentrate on the vibrational
band widths.

We measured for all the samples the \ (vertically
polarized excitation and vertically polarized scat-
tered light) and ⊥ (horizontally polarized excitationFIGURE 1 The isotropic Raman spectrum of po-

ly(rA) at 147C with the curvefit results. (A) Raman spec- and vertically polarized scattered light) spectra.
trum; (B) residue spectrum Å Raman spectrum 0 Fit From these spectra the isotropic and anisotropic
results. spectrum can be calculated24 :

Iiso Å I\ 0 4
3I⊥ (1)

rpoly(rA-rU), poly(dA)rpoly(dT), and poly(dA-dT)
rpoly(dA-dT).

Ianiso Å I⊥ (2)

Equipment
Only the strongest base vibrations are studied in

The experimental equipment has been described pre- this paper. For uracil, these are the 787 cm01 ring
viously.22 The spectra for 5 *-rAMP, 5 *-rUMP, 3 *-dTMP,

vibration and the carbonyl vibrations at 1690 cm01 .poly(rA), and poly(rU) were recorded with 15 s per
For thymine, we studied the 743, 781, and 1373spectral point. The spectra of adenine, poly(dA), and the
cm01 ring vibrations, and the carbonyl vibrations atdouble-stranded polynucleotides were recorded with 55
1660 cm01 . For adenine, the strongest vibrationss per spectral point. The spectra are deconvolved for the
are the 725, 1336, 1480, and 1575 cm01 base vibra-instrument response. The instrument profile was deter-

mined by measuring the response of the setup to the tions. The 725 and 1480 cm01 adenine vibrations
emission of an Argon laser at 514.5 nm and the emission are located in the pyrimidine and the imidazole ring.
of a Helium-Neon laser at 632.8 nm. The best approxima- The 1336 and the 1575 cm01 adenine vibrations are
tion for the instrument profile is a Gauss curve with a predominantly located in the pyrimidine ring.25,26

band width of 3 cm01 . The band widths of the lasers were The band widths of the base vibrations have been
°0.2 cm01 . The spectra have been curve fitted with the measured as a function of the temperature for ade-
RAMPAC program.23

nine, 5*-rAMP, 5*-rUMP, poly(rA), and poly(rU)
(Tables I–III) . Only the results for the extreme
temperatures are given. But the band widths haveRESULTS
been measured at 4 different temperatures for the
mononucleotides, and at 8 different temperatures forThe development of fast and accurate curve fitting

programs allows the analysis of the vibrational spec- the polynucleotides. The concentration dependence

Table I Bandwidths (cm01) of Adenine Vibrations in Mononucleotides*

1336 cm01 1336 cm01

Nucleotide 725 cm01 Isotropic Anisotropic 1480 cm01 1575 cm01

5*-rAMP 757C 15.5 { 0.5 16.6 { 0.5 17.3 { 0.5 16.0 { 1 13.1 { 0.8
5*-rAMP 57C 16.5 { 0.5 16.0 { 0.5 16.8 { 0.5 15.0 { 1 13.0 { 0.8
5*-rATP 15.1 { 0.5 15.8 { 0.5 16.8 { 0.5 14.8 { 1 12.2 { 0.8
5*-dAMP 11.3 { 0.5 15.9 { 0.5 17.3 { 0.5 14.9 { 1 12.4 { 0.8
Free adenine 8.6 { 0.5 13.7 { 1

* The errors in this table and all following tables are based upon the error calculation described in Refs. 23 and 45.
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Table II Bandwidths (cm01) of the Uracil 787 cm01

Uracil Vibration

Nucleotide Bandwidth

5*-rUMP 757C 12.7 { 0.5
5*-rUMP 0107C 12.2 { 0.5
Poly(rU) 457C 11.0 { 0.5
Poly(rU) 067C 7.5 { 0.5
Poly(rA)rpoly(rU) 8.3 { 1
Poly(rA-rU)rpoly(rA-rU) 8.5 { 1

has been measured for 5*-rAMP and 5*-rATP (Fig-
ure 2). The Raman band widths of base vibrations
have also been measured for 3*-dTMP (Table IV)
and the stacked polynucleotides poly ( rA)r
poly(rU), poly(rA-rU)rpoly(rA-rU), poly(dA)r
poly(dT), and poly(dA-dT)rpoly(dA-dT) (Ta-
bles II–IV). The vibrational frequencies for the
strong base vibrations change between the different
nucleotides as a result of changes in the force con-
stants. We use the frequencies of the adenine normal
modes in poly(rA), the uracil normal modes in po-
ly(rU), and the thymine modes in 3*-dTMP to iden-
tify the normal modes. Most of the base vibrations

FIGURE 2 Bandwidths of adenine base vibrations inare stronger in the isotropic spectrum and these band
5 *-rAMP as a function of the concentration. (A) Thewidths are presented in the tables. The 1575 cm01

1575 cm01 adenine vibration; (B) 1480 cm01 adenineadenine base vibration is, however, stronger in the
vibration; (C) 1336 cm01 adenine vibration; (D) 725anisotropic spectrum, and for this band the aniso-
cm01 adenine vibration.tropic band widths are shown. In the absence of

reorientational broadening, as is the case for poly-
nucleotides (see below), this does not make a dif-
ference. cm01 .27 This prohibited the measurement of the

band widths of these vibrations in this case.Due to overlap with adenine base and phosphate
vibrations, we were not able to measure the band Apart from the band width data above, we ob-

served a frequency change of the 787 cm01 uracilwidths for the 781 and 1373 cm01 thymine vibra-
tions in double-stranded deoxyribonucleotides. In vibration upon melting of poly(rU). In stacked and

unstacked poly(rU), the frequencies are respec-polydeoxyribonucleotides, the 1336 cm01 adenine
vibration splits in two components at 1332 and 1344 tively 787 and 783 cm01 . During the melting transi-

Table III Bandwidths (cm01) of Adenine Vibrations in Polynucleotides

Polynucleotide 725 cm01 1336 cm01 1344 cm01 1480 cm01 1575 cm01

Poly(rA) 757C 12.8 { 0.5 16.4 { 0.5 16.0 { 1 13.8 { 0.8
Poly(rA) 57C 11.5 { 0.5 11.1 { 0.5 13.0 { 1 11.7 { 0.8
Poly(dA) 757C 10.2 { 0.5
Poly(dA) 57C 9.3 { 0.5 14.2 { 1 13.0 { 1 11.4 { 0.8
Poly(rA)rpoly(rU) 11.6 { 0.5 13.1 { 1 13.5 { 1 8.9 { 0.8
Poly(rA-rU)rpoly(rA-rU) 11.7 { 0.5 13.0 { 1 13.1 { 1 8.9 { 0.8
Poly(dA)rpoly(dT) 7.8 { 0.5 13.2 { 1 9.5 { 0.8
Poly(dA-dT)rpoly(dA-dT) 8.5 { 0.5 14.4 { 1 9.7 { 0.8

5433/ 8K20$$5433 03-24-97 16:19:57 bpa W: Biopolymers



Subpicosecond Dynamics in Nucleotides 755

Table IV Bandwidths (cm01) for Thymine Vibrations

Nucleotide 743 cm01 781 cm01 1373 cm01

3*-dTMP 22.0 { 0.7 16.9 { 0.7 15.5 { 0.7
Poly(dA)rpoly(dT) 10.3 { 0.5
Poly(dA-dT)rpoly(dA-dT) 11.6 { 0.5

tion, both vibrational bands are visible in the Raman polynucleotides reorient through an angle of 417 in
times slower than 21 ps. A band width differencespectrum and change in relative intensity upon melt-

ing. In 5*-rUMP, the frequency is 783 cm01 . between the anisotropic and isotropic band widths
of 0.5 cm01 , the error margin, yields a t2 of 21 ps.

Fast or Slow Perturbations?DISCUSSION
The influence of the time dependence of the per-

First, the measured band width differences between turbing forces on the time dependence of the vibra-
the isotropic and anisotropic spectra for mono- tional correlation function has been derived in litera-
nucleotides will be discussed. ture.3,22 If the time dependence of the perturbing

forces is fast compared to the vibrational correlation
time, the bandshape will be Lorentzian with a bandReorientational Broadening
width Dn (Hz) of

The approach of Bartoli and Litovitz15 was followed
Dn Å 2tc » Év1(0)É2 … Å 2pcDnI (3)to obtain reorientation times from the band width

differences in the anisotrpic and isotropic spectra
where tc is the correlation time of the perturbingfor 5*-rAMP, 5*-dAMP, and 5*-rATP. The mea-
forces, and v1 is the frequency shift due to the per-surements showed a band width difference between
turbations and DnI is the band width in cm01 .the anisotropic and the isotropic spectrum of the

The fitting procedure and fast Fourier transform1336 cm01 adenine base vibration of 0.8 { 0.5 cm01

(FFT) revealed that the band shapes of the strongfor 5 *-rAMP in H2O and D2O. For 5 *-dAMP we
base vibrations are at least 90% Lorentzian, withobserved for this band a band width difference of
the carbonyl vibrations as the only exceptions (Fig-1.4{ 0.5 cm01 and for 5*-rATP a band width differ-
ures 1 and 3). For a Lorentz band shape, the relationence of 1 { 0.5 cm01 . From this, correlation times

t2 of reorientational motion of 13 ps for 5 *-rAMP,
11 ps for 5 *-rATP and 7.5 ps for 5*-dAMP can be
calculated. Where t2 refers to the time it takes the
molecule to rotate through 417.28,29 For other base
vibrations, this calculation has not been performed,
as only the 1336 cm01 vibration is strong in both
the isotropic and the anisotropic spectra. The 1575
cm01 vibration may be used in D2O, but the isotropic
spectrum in H2O is perturbed by residues from the
H2O bending vibration, which is much stronger than
the base vibrations.

If 5*-rAMP is considered folded as a sphere with
a radius of 3 Å, then tDe Å 26.5 ps can be derived
from the Debye model for a small step diffusional
rotation. The reorientational time for a free rotor is
then tFr Å 1.8 ps.29,30 The measured rotation times
are in between these extremes.

For the poly(rA), the isotropic and anisotropic
band widths of the 1336 cm01 adenine vibration are FIGURE 3 FFT of the 731 cm01 adenine vibration of
equal. The absence of reorientational broadening 5 *-rAMP (A), with the FFT of a Lorentz curve from the

curve fit (B). The results are similar.in polynucleotides indicates that the bases in the
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ta and tc for different nucleotides does not give
additional information, as there is a direct relation
with the band width data. The results for the base
vibrations show that the modulation regime is in
the rapid regime for all the Lorentz band profiles
(Table V). The modulation regime may extend to
the very rapid modulation regime, due to the lower
estimates of M(2) used in these calculations. The
carbonyl vibrations of uracil and thymine do not
have Lorentz band shapes and are discussed below.

We conclude that all the strong base vibrations
(except the carbonyl vibrations) are in the fast mod-
ulation regime. In the next sections the classification
of the perturbations that modulate the vibrational
motions is discussed.

Consequences of the Application of the
FIGURE 4 The spectrum around the 731 cm01 adenine Theoretical Models for Solvents to
vibration in 5 *-rAMP is shown ( ) . The neighboring Aqueous Solutions
bands have been subtracted with the corresponding

Available models5,6,7,8 present expressions that re-curvefit results. The experimental second moment for this
late the Raman band widths with temperature, vis-vibration is given by the area below the curve.

This experimental second moment is compared with cosity, density, and oscillator frequency. If the den-
the second moment for the best fit of a Lorentz band sity and viscosity of water are introduced into the
( – r– r– ) and a Gauss band (rrrrr) . The best fit pa- equations for the vibrational band widths, it shows
rameters for the Lorentz band are: vmax Å 730.86 cm01 , a decrease of approximately 80% with a temperature
FWHM Å 16.4 cm01 , intensity Å 9.7e7; for the Gauss increase from 0 to 1007C. But from Tables I and II
band: vmax Å 730.81 cm01 , FWHM Å 22.5 cm01 , inten-

it can be seen that the band widths of the mono-sity Å 1.1e8.
nucleotides in water are insensitive to temperature
changes from 010 to 757C.

That the theoretical models are not able to de-
between the vibrational correlation time ta and the scribe the experimental band widths for nucleotides
band width is3 : in an aqueous solution is partly due to the inherent

restrictions of the models used. The models for vi-
ta Å 1/pcDnI (4) brational dephasing, which use the hydrodynamic

theory, work best for low viscosity liquids.5–7 But
in viscous liquids, the hydrodynamic theory breakswhere c is the velocity of light. As the band widths

of the base vibrations are on the order of 12 cm01 , down at high frequencies.6 This is illustrated by the
hydrodynamic collision time in water tH Å rd 2 /6hthe corresponding vibrational correlation times are

on the order of 0.88 ps. And since the band shapes Å 0.0021 ps, which does not compare well with the
measured perturbation time tc Å 0.18 ps calculatedare Lorentzian, this indicates that the dynamics of

the perturbations are faster than 0.88 ps.3,4 from the band profile in 5*-rAMP. Navarro et al.32

observed for the C|O vibration of trichoroacetateRothschild3 showed that the second moment
M(2) of a band profile F(v) is equal to the time in different solvents that the perturbation time tc is

also larger than the hydrodynamic collision time.independent term »Év1(0)É2 … in Eq. (3) . For a Lo-
rentzian band profile, tc can then be calculated with Also, the models for vibrational dephasing take

only into account the repulsive part of the intermo-Eq. (3) . But it is difficult to determine the second
moment M(2) in complex spectra (Figure 4).10,22,31 lecular potential and do not treat any interactions

like hydrogen bonding. In the binary collisionIn order to eliminate overlapping bands, fitted Lo-
rentz curves were subtracted and the calculation was model,5 for example, effects like viscosity are intro-

duced into the model through an estimation of thelimited to 6 times the vibrational band width.22

However, for a Lorentzian band profile, it can be time between collisions tc Å tH Å rd 2 /6h—it does
not enter into the model itself. Our solvent is, how-shown that because of this constraint the calculation

always yields ta /tc Ç 3.5. So comparison of M(2) , ever, water, which has strong intermolecular di-
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Table V The Determination of the Modulation Regime for the 725
cm01 Adenine Vibration for Different Structures

FWHM ta M(2) tc

(cm01) (ps) (cm02) (ps)

5*-rAMP 57C 16.6 0.64 234 0.19
Poly(rA) 57C 11.8 0.90 118 0.27
Poly(dA) 147C 9.5 1.12 93 0.27
Poly(dA-dT)rpoly(dA-dT) 147C 8.2 1.29 62 0.35

pole–dipole forces and hydrogen bonds with itself to cause vibrational broadening. With coherent and
incoherent time-resolved measurements, these twoand the nucleotide. These effects are ignored by

the models. The model by Lynden–Bell8 ignores contributions can be separated. But it has already
been shown above that the vibrational dynamics arecollisional dynamics, as the repulsive part of the

coupling potential is ignored. Also this simplifica- in the subpicosecond time domain, which makes
such an experiment very complicated.tion is too drastic, as collisions by water molecules

will play an important part in the vibrational dy- As the theoretical models are not able to describe
the vibrational dynamics of nucleotides, an experi-namics.

The large decrease predicted by the models for mental approach is used to obtain information. Dif-
ferent vibrations may be sensitive to different relax-vibrational dephasing is for a large part due to the

large decrease in viscosity of water with an increase ation mechanisms, and this kind of information is
available from our spontaneous Raman measure-in temperature. But dissolving adenine in water

breaks up the local hydrogen-bonding structure and ments.
decreases the local viscosity of the solvent. Vibra-
tional dephasing is caused by collisions with the Vibrational Dephasing and Energy
solvent molecules and thus the first hydration shell Relaxation of Nucleotide Vibrations
will mainly determine this process (see below). So by Water Molecules
the local viscosity changes will be smaller than the
bulk viscosity changes, which may partly explain Molecular dynamics calculations of the solvation

of ions in polar solvents have shown a solvationthe insensitivity to the temperature of the band
widths of the mononucleotides. dynamics that has a two-part character. One part

consists of a fast initial relaxation due to small am-The models for vibrational energy relaxation take
only into account the relaxation of vibrational en- plitude inertial dynamics of the solvent molecules

within the confines of their instantaneous environ-ergy to phonons of the heatbath. Vibrational energy
relaxation of high frequency vibrational modes is ment on time scales of 0.1–0.2 ps for acetonitrile33

and 0.025 ps for water.34 The second much slowerthen a slow process, because the phonon density of
states vanishes below the Debye frequency (typi- part, Ç1 ps time scale, reflects larger amplitude

motions involving the breakup and reorganizationcally 50–100 cm01) . As a result, the probability for
vibrational energy relaxation is low due to the large of these local environments, especially in the first

hydration shell of the solvent. Rosenthal et al.35 haveamount of phonons needed. It has subsequently been
ignored in studies of vibrational dynamics. Experi- confirmed these findings for acetonitrile with femto-

second fluorescence spectroscopy. Translational andments on the CH vibration of CH3CCl3 and
CH3CH2OH and on N2 showed that vibrational re- rotational times of water molecules and rearranging

times of water–water clusters are on the order oflaxation is 4–1010 times slower than vibrational de-
phasing, which is in agreement with calculations 1–10 ps, according to Finney et al.16 Ohmine et

al.17 reports for the molecular dynamics of water,by Oxtoby and Rice,1 Fisher and Laubereau,5 and
Diestler.4 The spectra of nucleotides, however, con- that on average the hydrogen bonds of every water

molecule are broken every 10 ps and that clustersist of many overlapping sugar–phosphate and base
vibrations. Also, water has a significant Raman in- rearranging times are in the order of 30 ps. Compari-

son with the perturbation time of 0.18 ps in 5*-tensity over the whole frequency range. The theoret-
ical models do not describe such a situation. So rAMP indicates that the perturbation by collisions

with water molecules is not due to translational orvibrational energy relaxation may be fast enough
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rotational motions. A rattling of water molecules in formed by the surrounding solvent molecules and
the base.a cage determined by surrounding water molecules

and the nucleotide will occur at faster time
scales17,33,34,35 and is most likely the collisional Resonant Energy Transfer
mechanism that determines the dephasing of nucleo-
tide vibrations. An increase in exposure to water Resonant energy transfer is the transfer of the vibra-

tional energy to the same vibrational mode on an-molecules will increase the dephasing rate and in-
crease the nucleotide band widths. Also, vibrational other molecule of the same species through an inter-

molecular coupling potential. As a result of the ex-energy relaxation to the solvent will be more effec-
tive with an increase in exposure to the solvent. act energy match, the probability for this process is

large enough to be an important relaxation process.All the studied adenine, thymine, and uracil vi-
brations have a smaller band width in stacked struc- This process will be more effective if the interacting

molecules are close and may in that case influencetures than in unstacked structures and mononucleo-
tides. Moreover, the band widths of the 1336, 1480, the vibrational band widths.8,36 The mononucleo-

tides 5*-rAMP and 5*-rATP have been measuredand 1575 cm01 adenine vibrations increase toward
the value for the mononucleotides upon melting of as a function of concentration from 17 to 706 mM ,

and all the vibrations studied remained constant inpoly(rA). In a previous paper, 22 we have assigned
this temperature behavior of the band widths of po- band width as a function of concentration (Figure

2). So the vibrational dynamics of the adeninely(rA) to an increasing exposure of the bases to the
solvent upon melting of the secondary structure. modes are insensitive to average base–base distance

changes from approximately 16 Å at 706 mM to 60In unstacked single-stranded structures, the 1336,
1480, and 1575 cm01 adenine vibrations are equally Å at 17 mM . This shows that resonant energy trans-

fer does not play a significant role for the mono-perturbed by interactions with water molecules as
in mononucleotides. This increasing exposure to the nucleotides in an aqueous solution. In the poly-

nucleotides studied, the average base–base dis-solvent upon melting is supported by assignments
of these vibrations to base vibrations that have their tances are on the order of 3–4 Å.37 The base–base

distances are thus significantly smaller comparedpotential energy distributed predominantly over the
pyrimidine ring.25,26 The pyrimidine ring will be to mononucleotides and resonant energy transfer is

expected to be very effective at these distances, ifmost sensitive to an increase in exposure to the
solvent upon melting of the single-stranded po- there is an intermolecular coupling potential. The

vibrational band widths of the polynucleotides are,ly(rA), as it is located on the outside of the struc-
ture. however, smaller than in mononucleotides. This is

another indication that resonant energy transfer isThe base vibrations of free adenine have a
smaller band width than those of 5*-rAMP, 5*- not an important relaxation mechanism. Likewise,

no band width differences can be observed betweenrATP, and 5*-dAMP. This may be due to the apolar
character of free adenine, which will result in less homo- and copolymers for the adenine vibrations

at 725, 1336, 1480, and 1575 cm01 , and the 787interaction with surrounding water.
The band width of the 787 cm01 uracil vibration cm01 uracil vibration. So changes in base–base

overlap and orientation do not influence the bandof poly(rU) increases upon melting from 7.5 to
11.0 cm01 , which remains 1.3 cm01 below the band width. This shows that, also in polymers, resonant

energy transfer is not a relaxation path and that therewidth of 5*-rUMP. The band width of the 725 cm01

adenine vibration increases 1 cm01 upon melting of is no significant intermolecular coupling potential
that couples the vibrational motions on differentpoly(rA) and poly(dA), but remains also smaller

than the values for the mononucleotides. This indi- bases of the same species.
cates that some shielding from water remains in
unstacked poly(rA) and poly(rU), but perturba- Vibrational Dephasing of Nucleotide
tions by the backbone may also be the cause, as Vibrations by the Sugar
will be discussed below. Phosphate Backbone

For all the vibrations studied, it is found that the
more exposed a vibration is to the solvent, the larger Vibrational dephasing of the sugar vibrations may

occur due to sugar repuckering or due to movementsthe band width is due to interactions with the sol-
vent. And based on the time scales discussed above, of the base relative to the sugar–phosphate moiety,

as has been discussed in the introduction. Base vi-the collisions of the solvent molecules may be seen
as the rattling of the solvent molecule in a cage brations that are coupled to the backbone vibrations
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revealed that the band width of the 725 cm01 vibra-
tion is sensitive to the type of backbone and the
single or double strandedness of the polynucleotide
(Table III) .

Comparing the data for ribonucleotides and for
the deoxyribonucleotides separately, it is observed
that the band width of the 725 cm01 adenine vibra-
tion is much larger in the mononucleotides than in
the polynucleotides. Even melting the single-
stranded helix does not eradicate this large band
width difference. The band width difference for the
725 cm01 adenine vibration remains very large be-
tween unstacked poly(rA) and poly(dA) compared
to, respectively, 5*-rAMP and 5 *-dAMP. But noFIGURE 5 The total Raman spectra ( \ / ⊥) of ade-
differences can be observed between stacked single-nine at 147C (A) and 5 *-rAMP at 57C (B). Both spectra

are normalized for laser intensity, measuring time, and stranded and double-stranded structures. We pro-
concentration. The intensity of the 725 cm01 adenine vi- pose that the larger mobility of the sugar phosphate
bration compared to the intensity of the other base vibra- moiety in mononucleotides causes this increase in
tions is much larger in adenine than in 5*-rAMP. band width. The fluctuations of the sugar group rela-

tive to the base around the glycosidic bond distorts
the bonds that take part in the 725 cm01 adenine
vibration. This will perturb the phase of the vibra-or that have part of their potential energy distributed

over the backbone may also be modulated by these tion by introducing many small frequency shifts.
Such a perturbation will show up as vibrational de-mechanisms. The 725 cm01 adenine vibration is

very sensitive to the type and structure of the back- phasing in Raman spectra. In free adenine, the sugar
group is absent and should not perturb the vibration.bone, so it appears to be modulated by these interac-

tions. This is reflected by the band width, which is for
adenine smaller than for 5 *-rAMP and 5 *-dAMP.This vibration is assigned to the breathing mode

of the benzene ring of the adenine molecule. Normal The larger mobility of sugar–phosphate moiety in
mononucleotides may also cause the 1 cm01 bandmode calculations by Letellier et al.19 and Ma-

joube38 showed modes with frequencies around 725 width difference between unstacked poly(rU) and
5*-rUMP, instead of a remaining shielding from thecm01 that are strongly coupled to the glycosidic

bond. This vibration is most sensitive to C1 *–D sub- solvent.
By taking the mononucleotides and the poly-stitution, which also shows the coupling of this vi-

bration to the backbone.25 Moreover, the intensity nucleotides separately, it can be observed that the
band width of the 725 cm01 adenine vibration isof this vibration is sensitive to the type of backbone.

The intensity of the 725 cm01 vibration relative to larger in ribonucleotides than in deoxyribonucleo-
tides. So the type of backbone has also an influenceall other vibrations is much larger in free adenine,

where there is no ribose group at all attached to the on the Raman band width. The sensitivity of optical
properties of the base to the type of backbone hasbase, compared to 5*-rAMP (Figure 5). Both are

mononucleotides, so the hypochromic effect cannot been observed with CD spectra of 5*-rAMP and 5*-
dAMP, which differ as a result of differences in theaccount for this difference. It has to be linked di-

rectly to the backbone. Majoube38 suspected that orientation of the sugar–phosphate moiety relative
to the base (glycosidic bond angle) . Deoxyribonu-the 725 cm01 mode of adenine loses a large part of

its energy as a result of a coupling to the sugar– cleotides, however, are found to exist in more differ-
ent helical structures and with more different sugarphosphate moiety in 5*-rAMP.

The band width of the 725 cm01 vibration in free puckers than ribonucleotides.37 This is in contrast
with the smaller band width of the 725 cm01 adenineadenine is smaller than the band width in stacked

poly(rA). It is improbable that adenine dissolved vibration in deoxyribonucleotides, as it indicates a
less perturbed or less dynamic structure. Appar-in an aqueous buffer is stacked, as no changes in

the spectra have been observed between 14 and ently, the dynamics measured by Raman band
widths are very localized and measure the rigidity757C. Thus shielding from the solvent cannot ex-

plain the behavior of the band width of the 725 cm01 of the local base–backbone bond. Comparison with
melting temperatures of the different structures39vibration. Further measurements on polynucleotides
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Table VI Comparison of the Bandwidth of the 725 Hydrogen-bond breaking times have been derived
cm01 Adenine Vibration with Melting Temperatures to be in the order of 0.5 ps21 to 2–3 ps17 and rota-
for Polynucleotides (100 mM Na/) tional and translational times are 1–10 ps,16 so the

hydrogen bond is able to complete full periodic cy-
Melting- cles. Moreover, the stretching vibration of water–

725 Temperature
water and water–salt hydrogen bonds43 can be ob-Polynucleotide cm01 (7C)
served in low frequency Raman spectra as a vibra-
tional band.42,43 This shows that these hydrogenPoly(rA) 757C 12.8 45
bonds are underdamped. It is therefore most likelyPoly(rA) 57C 11.5
that the carbonyl–water hydrogen bonds are alsoPoly(dA) 757C 10.2 50

Poly(dA) 57C 9.3 underdamped. From the models for indirect dephas-
Poly(rA)rpoly(rU) 11.6 57 ing, it can be derived that, for an underdamped hy-
Poly(rA-rU)rpoly(rA-rU) 11.7 63 drogen-bond vibration and the intermediate pertur-
Poly(dA)rpoly(dT) 7.8 66 bation regime, combination bands will appear at the
Poly(dA-dT)rpoly(dA-dT) 8.5 60 sum frequencies around the high frequency mode.

But these are not observed in our spectra. Based on
the Gaussian band profile of the carbonyl vibrations
in poly(rU) and 5 *-rUMP and the absence of com-

does not give a relation with the band widths (Table bination bands, the vibrations are in the slow modu-
VI). But this is not surprising, as the stability of lation regime. Robertson and Yarwood41 showed
the helix is determined for the larger part by the that for the slow modulation limit and an under-
base–base interaction energy. damped low frequency mode, the coupling between

the low and high frequency mode is strong.
The carbonyl vibrations in stacked poly(rU)Indirect Dephasing of Carbonyl

(037C) show three Gaussian components at 1662,Vibrations Through Coupling
1691, and 1714 cm01 (Figure 6). Only two vibra-to Hydrogen Bonds

The carbonyl vibrations of uracil and thymine have
much larger band widths than other base vibrations.
The carbonyl vibrations of uracil have in 5*-rUMP
and poly(rU) even a Gaussian band shape, whereas
the carbonyl vibration in 3*-dTMP has a Voigt band
shape. A Voigt band profile is a convolution of a
Lorentz curve and a Gauss curve. So the vibrational
dynamics of these vibrations are very different from
the other base vibrations. This is probably due to
hydrogen bonding, as the carbonyl bonds of uracil
and thymine are hydrogen bonded to water in sin-
gle-stranded structures and mononucleotides, and
to the complementary base and water in double-
stranded structures.13

A low frequency mode, like a hydrogen-bond
stretch vibration, is highly perturbed by the environ-
ment due to the low energy difference between the
vibrational energy and the energy levels of the heat
bath. A high frequency mode that couples to this
low frequency mode, as the carbonyl vibrations,
may then be perturbed by the heat bath via the low
frequency mode.40,41 Robertson and Yarwood41 de-
scribed indirect dephasing for overdamped and un-
derdamped hydrogen bonds and the slow, interme- FIGURE 6 The double-bonded stretch vibrations
diate and fast modulation regimes. (C|C, C|O). (A) Poly(rU) at 037C; (B) poly(rU)

Water–water hydrogen bonds have stretching at 457C; (C) 5*rUMP at 227C; and (D) poly(rA)rpo-
ly(rU) at 57C.frequencies of 190 cm01 , so the period is 0.18 ps.42
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tions are expected, the C4|O and C2|O vibra-
tions. These vibrations are apparently highly
coupled to C|C vibrations. Upon unstacking
of poly( rU) , one strong component at 1690 cm01

dominates the spectrum in this frequency region.
The shape for unstacked poly(rU) is identical to
the carbonyl vibrations in 5*-rUMP, which has a
strong band at 1680 cm01 . The band widths for the
strong components are 35 { 5 cm01 . The weaker
components have similar band widths, but the error
is much larger. These observations lead to a picture
of a wide distribution of water–carbonyl hydrogen
bonds coupled to the carbonyl stretch vibration. This
leads to an inhomogeneously broadened carbonyl
stretching mode. The carbonyl oscillator is coupled
to the bath through a hydrogen-bonded solvent mol-
ecule. In this way, bath dynamics causes indirect
dephasing in the slow modulation limit according to
the models mentioned above. In the double-stranded
ribonucleotides poly(rA)rpoly(rU) and poly(rA-
rU)rpoly(rA-rU), three components also can be
observed at 1668, 1688, and 1716 cm01 . The band
widths are smaller (17 { 5 cm01) than in poly(rU)

FIGURE 7 The double-bonded stretch vibrationsor 5*-rUMP and the band shape is more Lorentzian
(C|C, C|O). (A) 3*-dTMP 147C; (B) poly(dA)(Figure 6). This change in band shape may indicate
rpoly(dT) at 147C; (C) poly(dA-dT)rpoly(dA-dT) at

a faster indirect dephasing mechanism, but a smaller 147C; (D) poly(rA-rU)rpoly(rA-rU) at 147C.
distribution of hydrogen bonds is more likely. The
more rigid double-stranded structure allows only a
limited range of base–base and base–water hydro-

In mononucleotides and single-stranded poly-gen bonds and thus narrows the band widths.
nucleotides, the adenine base is hydrogen bondedFor deoxyribonucleotides, the carbonyl vibra-
to water molecules and the band width is 11.7–tions behave in a similar manner. The 3*-dTMP has
13.8 cm01 . In double-stranded polynucleotides, thetwo vibrational bands at 1661 and 1668 cm01 ,
adenine base is hydrogen bonded to the complemen-which have band widths in the order of 30 cm01

tary base and the band widths are smaller: 8.9 toand Voigt band shapes. This may indicate a some-
9.7 cm01 . Apparently, this vibration is sensitive towhat faster relaxation mechanism. Also the Raman
base–base or base–water hydrogen bonding. Thisspectra of double-stranded deoxyribonucleotides
is in accordance with the fact that this vibration ishave narrower and more Lorentz bands for the car-
predominantly located in the pyrimidine ring.25,26bonyl vibrations. Two components at 1651 and 1673

Water molecules are not kept at certain positionscm01 with band widths of 17 { 5 cm01 are evident
by restrictions through secondary structure, as the(Figure 7).
complementary bases are. Hence, water–base hy-
drogen bonds are a less stable conformation than

The Effect of Hydrogen Bonding on base–base hydrogen bonds. The wider distribution
the Bandwidth of a Ring Vibration of water–water hydrogen bond lengths and angles

will increase the band width through indirect de-The 1575 cm01 vibration of adenine has a similar
phasing, as can be seen from the spectra.band shape and band width compared to the other

adenine ring vibrations. Also its band width in-
creases toward the band width of 5 *-rAMP upon

CONCLUSIONSmelting of poly(rA). A large part of the vibrational
dynamics has thus been attributed to vibrational de-
phasing and energy relaxation by water molecules. From the band width differences between aniso-

tropic and isotropic spectra, the rotational correla-A part of the vibrational dynamics of this ring vibra-
tion is, however, sensitive to the conformation. tion times for mononucleotides have been derived.
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The 5*-rAMP reorients through an angle of 417 in The band widths of the carbonyl vibrations of
uracil and thymine behave very different from the13 ps, 5 *-rATP in 11 ps, and 5 *-dAMP in 7.5 ps.

These times are in between the rotation times for a other base vibrations. The carbonyl vibrations in 5*-
rUMP and poly(rU) have broad band widths in thefree oscillator and the rotation in viscous liquids.

Polynucleotides reorient in times slower than 21 ps.44 order of 35 cm01 . The band width is 30 cm01 in 3 *-
dTMP. The Gaussian component in the band shapesThe perturbation correlation times for the base

vibrations with Lorentz band shapes were deter- indicates a strong coupling between the carbonyl
mode and the hydrogen atom of water modesmined from experimental band width and the second

moment analysis. The vibrational relaxation pro- through hydrogen bonds. In double-stranded struc-
tures, the band shape is less Gaussian and the bandcesses have a correlation time in the order of 0.3

ps or smaller. The vibrational correlation times are widths of the carbonyl modes are smaller. This is
probably the result of a smaller distribution of hy-Ç 1 ps and the vibrational dynamics is therefore

the rapid modulation regime. The nature of the re- drogen-bond distances and angles due to the restric-
tions imposed on the base–base hydrogen bonds bylaxation processes remains unclear. No satisfactory

correlation with any of the models was obtained. the secondary structure.
The vibrational dynamics of the band at 1575Comparison of the band widths of different vi-

brations in different nucleotide structures presents cm01 in adenine is partially determined by vibra-
tional dephasing by water molecules and furtherinformation about the nature of relaxation processes

that perturb the base vibrations. It is found that vi- depends on the nucleotide conformation. The band
width is broader in single-stranded structures andbrational dephasing and energy relaxation by inter-

actions with water molecules plays an important mononucleotides as compared to double-stranded
structures. This corresponds to the lifetime of therole in the vibrational dynamics. The temperature

dependence of the band widths of the 1336, the hydrogen bonds in base pairing, approximately 1
ms, which can be regarded as static on the Raman1480, and the 1575 cm01 vibrations of adenine in

poly(rA) and the 787 cm01 vibration of uracil in time scale.
The studies of the Raman band widths of syn-poly(rU) increase toward the value of the mono-

nucleotides as a result of the melting of the single- thetic polynucleotides revealed a dynamic picture
on a (sub)picosecond time scale. Different base vi-stranded structures. Also, the thymine base vibration

at 743 cm01 has a larger band width in 3*-dTMP brations are sensitive to different dynamical degrees
of freedom in the system. We have argued that back-compared to stacked structures. It follows that for

a large number of ring vibrations an increased expo- bone dynamics, hydrogen bonding, as well as sol-
vent accessibility influences the vibrational bandsure to the water environment leads to a larger band

width. The smaller band widths of free adenine widths.
compared to mononucleotides are probably due to
the apolar character of the free base. This will result This work is supported by the Netherlands Organization

for the Advancement of Research (NWO).in less interactions with the water environment and
as such to a smaller band width.
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