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Local Dynamics of DNA Probed with Optical Absorption Spectroscopy of
Bound Ethidium Bromide
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ABSTRACT We have studied the local dynamics of calf thymus double-helical DNA by means of an “optical labeling”
technique. The study has been performed by measuring the visible absorption band of the cationic dye ethidium bromide,
both free in solution and bound to DNA, in the temperature interval 360-30 K and in two different solvent conditions. The
temperature dependence of the absorption line shape has been analyzed within the framework of the vibronic coupling
theory, to extract information on the dynamic properties of the system; comparison of the thermal behavior of the absorption
band of free and DNA-bound ethidium bromide gave information on the local dynamics of the double helix in the proximity
of the chromophore. For the dye free in solution, large spectral heterogeneity and coupling to a “bath” of low-frequency (soft)
modes is observed; moreover, anharmonic motions become evident at suitably high temperatures. The average frequency of
the soft modes and the amplitude of anharmonic motions depend upon solvent composition. For the DNA-bound dye, at low
temperatures, heterogeneity is decreased, the average frequency of the soft modes is increased, and anharmonic motions are
hindered. However, a new dynamic regime characterized by a large increase in anharmonic motions is observed at
temperatures higher than ~280 K. The DNA double helix therefore appears to provide, at low temperatures, a rather rigid
environment for the bound chromophore, in which conformational heterogeneity is reduced and low-frequency motions (both
harmonic vibrations and anharmonic contributions) are hindered. The system becomes anharmonic at ~180 K; however,
above ~280 K, anharmonicity starts to increase much more rapidly than for the dye free in solution; this can be attributed to
the onset of wobbling of the dye in its intercalation site, which is likely connected with the onset of (functionally relevant) DNA
motions, involving local opening/unwinding of the double helix. As shown by parallel measurements of the melting curves,
these motions precede the melting of the double helix and depend upon solvent composition much more than does the
melting itself.

INTRODUCTION

The temperature dependence of the optical absorption line-
shape of a chromophore embedded in a matrix gives infor-
mation on the local dynamics of the system. In particular,
coupling of the electronic transition that gives rise to the
observed absorption band with high-frequency vibrational
modes and with a “bath” of soft modes, as well as the onset,
at suitably high temperatures, of nonharmonic motions have
recently been shown for heme proteins and other metallo-
proteins, by the use of this technique (Di Pace et al., 1992;
Cupane et al., 1993, 1994, 1995a,b; Boffi et al., 1994; Leone
et al., 1994, 1996; Militello et al., 1995; Melchers et al.,
1996). These works open the possibility of using an “optical
labeling” technique to study the local dynamic properties of
biological macromolecules that do not contain per se a
chromophore exhibiting a suitable absorption band. The
idea is to selectively bind an optical probe to the macro-
molecule, thus forming a stable complex, and to study the
thermal evolution of the absorption spectrum of the probe.
Comparison of the dynamics of the chromophore free in
solution and bound to the macromolecule will give infor-

mation on the local dynamics, in the proximity of the
chromophore, of the macromolecule itself.

On the other hand, studies on the local dynamics of
nucleic acids in solution and of drug-nucleic acid complexes
are of considerable interest, because local structural fluctu-
ations of the polymer may play a role in the replication and
transcription of DNA and in the antitumor activity of sev-
eral drugs.

The cationic dye ethidium bromide (2,7-diamino-10-
ethyl-9-phenyl-phenanthridinium bromide, EB) is known to
intercalate between base pairs in double-helical DNA, thus
forming very stable complexes. The binding geometry is
known at atomic resolution (Tsai et al., 1977; Jain et al.,
1977), and the binding constants in various solvents have
been measured (Baldini and Varani, 1985; Varani et al.,
1987); molecular mechanics and harmonic dynamics calcu-
lations of the DNA/EB complex are also available (Lybrand
and Kollman, 1985; Rudolph and Case, 1989). Moreover,
the absorption spectrum of EB exhibits a rather intense
visible band (¢ =~ 5900 M ' cm ™! at 480 nm in water at
room temperature), well separated from other bands of the
chromophore or of the host macromolecule. The DNA-EB
system therefore seems very promising for applying the
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“optical labeling” technique described above for studies of
the local dynamic properties of double-helical DNA. It
should also be mentioned that EB has frequently been used
as a fluorescent probe to investigate the dynamic properties
of DNA (see, e.g., Hird et al., 1989; Nuutero et al., 1994;
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Collini et al., 1995). In particular, time-resolved measure-
ments of the fluorescence anisotropy decay in the picosec-
ond time scale have been used to probe the “wobble” of the
drug in its intecalation site (Magde et al., 1983; Shibata et
al., 1985; Hard et al., 1989); these data are of particular
relevance to the present study, because our technique is able
to monitor only nuclear motions that take place with respect
to the planar structure of the chromophore (Melchers et al.,
1996) rather than overall motions of the chromophore-
macromolecule complex (e.g., torsional dynamics of the
double helix).

In this work we have measured the visible band of EB
both free in solution and bound to calf thymus DNA in the
temperature range 360-30 K and in two different solvents.
The temperature dependence of the absorption lineshape has
been successfully analyzed within the framework of the
vibronic coupling theory (see, e.g., Cupane et al., 1995b)
and gives information on the local dynamic properties of the
system. Comparison of the chromophore dynamics in the
free and DNA-bound states, in turn, gives information on
the local dynamic properties of the double helix. The DNA
double helix appears to provide, at low temperatures, a
rather rigid environment for the bound chromophore, in
which conformational heterogeneity is reduced and low-
frequency motions (both harmonic vibrations and anhar-
monic motions) are hindered. A large anharmonicity in-
crease is observed at ~280 K and can be attributed to
increased “wobbling” of the drug in its intercalation site, in
connection with the onset of local opening/unwinding of the
double helix. As shown by parallel measurements of the
melting curves, these motions precede the melting of the
double helix and depend upon solvent composition much
more than does the melting itself.

MATERIALS AND METHODS
Samples

DNA sodium salt, highly polymerized. from calf thymus was purchased
from Sigma Chemical Co. (St. Louis, MO) and was used without further
purification.

EB was purchased from Sigma-Aldrich (Milan, ltaly); ethylene glycol
(puriss.) and glycerol (anhydrous) were purchased from Fluka Chimica
(Milan, Italy).

Optical spectra of EB free in solution were measured on samples
containing 107> M K-phosphate buffer (pH 7, in water at room tempera-
ture), 1.8 X 107 M ethidium bromide, and 80% ethylene glycol/water or
90% glycerol/water. The monomer @ dimer aggregation constant for EB
in water at room temperature has been reported to be ~100 M~ " (Bresloff
and Crothers, 1975), so that at the concentration used, more than 96.5% of
the dye is expected to be in monomeric form. The aggregation state in the
actual solvents used was directly checked by measuring the optical spectra
of EB at various concentrations in the range 1.25 X 107525 X 107 M.
Results showed that spectra taken at various concentrations were different
only for a scale factor, therefore excluding the presence of a detectable
fraction of EB dimers in our experimental conditions.

Optical spectra of EB bound to DNA were measured on samples
containing 107> M K-phosphate buffer (pH 7, in water at room tempera-
ture), 5 X 107° M ethidium bromide, 9.6 X 10™* M DNA (in {P]), and
80% ethylene glycol/water or 90% glycerol/water. The above solutions
were left overnight under gentle stirring at 4°C; before the measurements
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were begun, the solutions were brought to room temperature and filtered
through a 1.2-u Millipore filter. At the concentrations used, the ratio
[DNAVIEB] is ~19, i.e. one dye molecule for every ~10 base pairs. The
rather high value of the equilibrium constant for the association of ethidium
bromide to DNA (K, = 10° M™") and the rather low value of the
dimerization constant (K, = 100 M~ 'y ensure that under our experimental
conditions, the fraction of unbound dye is negligible.

Optical spectroscopy

Absorption spectra (650-350 nm) were measured with a JASCO Uvidec
650 spectrophotometer, set to (.7-nm bandwidth, 0.4-s integration time,
and 100 nm/min scan speed, corresponding to a spectral resolution of ~30
cm ™' (at 500 nm); data were recorded at 0.4-nm intervals.

The experimental setup for optical absorption measurements at cryo-
genic temperatures has already been reported (Cordone et al., 1986).
Samples, in 1-cm optical path metacrylate cuvettes, were “quickly” (cool-
ing rate = 5 K/min) brought to 150 K and left to equilibrate; measurements
at various temperatures were then performed by cooling or heating at a rate
of 1.5 K/min and allowing 10 min of equilibration at each temperature:
thermal cycling excluded the presence of hysteresis effects. This procedure
was necessary to avoid the development of large scattering intensity in the
DNA-containing samples when approaching 7 = 180 K from higher
temperatures. This effect (the study of which is, however, beyond the
purpose of the present work) is likely due to the slow formation of
high-molecular-weight aggregates at temperatures near the glass transition
temperature of the solvent, and is prevented if the transition region is
crossed quickly enough because, at lower temperatures, the solvent be-
comes a glass with almost infinite viscosity. The procedure described
above enabled us to have homogeneous and transparent samples through-
out the whole temperature range investigated. The baseline measured at
room temperature was subtracted from each spectrum; indeed, in the
spectral region of interest, the baseline does not depend upon temperature.

Melting curves

DNA melting curves were measured from the absorption at 260 nm.
Samples were identical to those used for the low temperature absorption
experiments; for this reason, 1-mm pathlength quartz cuvettes were used.
A linear correction was applied to absorbance values, to account for the
thermal expansion of the sample.

Spectral analysis

Fig. 1 shows the spectra of EB free in solution (80% ethylene glycol/water,
left panel) and bound to DNA (80% ethylene glycol/water, right panel), at
room temperature and at 7 = 30 K. The spectra consist of a single broad
band centered at ~500 nm. This band is attributed to a single m — 7*
electronic transition within the phenanthridinium ring (transition 1-2. in
the terminology of Giacomoni and LeBret, 1973); the very weak transitions
1-3 and 1-4 are blue-shifted by 3,500 and 10,700 cm ™', respectively, and
therefore are not likely to contribute to the width of the band. We attribute
the observed bandwidth to the combined effects of spectral heterogeneity
and vibrational coupling; the vibronic structure of the band clearly appears
in the low temperature spectrum of the DNA-bound dye (see Fig. 1, right
panel). It should also be noted that the red edge of the bands is almost
perfectly Gaussian; although EB does not radiate as an isolated molecule,
but experiences collisions and other interactions, the excited-state lifetime
remains such that the homogeneous, Lorentzian broadening does not con-
tribute significantly to the observed bandwidth.
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FIGURE 1 Visible absorption spectra of EB free in solution (top) and

bound to DNA (bottom). ——, T = 300 K; — — —, T = 30 K. For both
panels the solvent is 80% ethylene glycol/water.

We therefore fit the experimental spectra with the following expression
(Cupane et al., 1995b):

A =3 T !
v) = Mv ,
(mib i o(T)
—(T) — 2 iVi2
X exp v V(zo?z(T)zm ] (D

where M is a constant proportional to the square of the electric dipole
moment; the product extends to all high-frequency vibrational modes (i.e.,
with hv; > kgT) coupled to the electronic transition and the sum to all
possible combinations of m; phonon events in the various high-frequency
vibrational modes j; v; and S| are the frequency and linear coupling constant
of the jth high-frequency mode, and vy(7) is the peak frequency of the
transition. According to Eq. 1, the observed spectrum results from the
superposition of a series of Gaussians that includes all possible combina-
tions of multiphonon excitations of the various high-frequency modes; the
displacement of the individual Gaussians from the zero phonon line posi-
tion reflects the energy lost to the vibrational modes. The coupling of the
electronic transition with high-frequency modes is responsible for the
vibronic structure of the band; in the present case of a m — 7* electronic
transition, the high-frequency modes are essentially in plane vibrations of
the chromophore macrocycle.

Both spectral heterogeneity and coupling of the electronic transition to
a “bath” of low frequency modes of the matrix surrounding the chro-

Dynamics of the DNA/Ethidium Complex 961

mophore contribute to the Gaussian halfwidth o. If one treats the low-
frequency bath within the Einstein harmonic oscillator approximation, the
temperature dependence of o can be expressed as

o® = NS(v)* coth(h(v)/2ksT) + o2, )

In Eq. 2, (v) and S are the average frequency and linear coupling constant
of the low-frequency bath, N is the number of soft modes, and kg is
Boltzmann’s constant; the (temperature-independent) term o7, takes into
account spectral heterogeneity. In the presence of quadratic coupling
parameter v, also becomes temperature dependent; within the harmonic
approximation, its thermal behavior can be expressed as

vy = vgo — 1/4 N(v)(1 — R} coth(h{v)/2kgT) + C 3)

where R is the effective quadratic coupling constant, v, is the frequency
of the purely electronic (0—0) transition, and C takes into account other
temperature-independent contributions to the peak position of the band.
The temperature dependence of the peak frequency and of the Gaussian
width therefore gives information on the local dynamics in the proximity of
the chromophore; low-frequency vibrations of the macrocycle, as well as
motions of the matrix surrounding the chromophore, are likely to contrib-
ute to the low-frequency bath coupled to the electronic transition.

In the analysis of the experimental spectra, M, v, o, and S; were fitting
parameters. The coupling with only three high-frequency modes was
considered, namely: v, = 550 cm™', », = 1340 cm™ ', v, = 2000 cm™ .
We recall that a limit to our resolution of vibronic structure is imposed by
the intrinsic width of the Gaussian line, which remains around 400 cm™',
even at low temperature. Therefore, ¥, = 550 cm™' must be taken as an
average mode accounting for the coupling of the electronic transition with
“high-frequency” vibrational modes of frequency less than 1000 cm™'.
v, = 1340 cm ™" is clearly seen in the UV resonance Raman spectra of free
and DNA-bound EB (Chinski et al., 1976), as well as in the low-temper-
ature fluorescence spectra (Baldini and Vegetti, 1989) and in the second-
derivative absorption spectra at low temperatures (present work, not
shown); however, in view of the above argument, contributions from
nearby modes at 1600 and 1050 cm™! (Chinski et al.,, 1976) are also
included in this “mode.” The coupling with v, = 2000 cm™' is also
detected as a small shoulder in the low-temperature absorption spectra (see
Fig. 1) and consequently as a minimum in the second-derivative spectra; it
may be taken as representative of the coupling with all vibrational modes
at frequencies greater than ~1600 cm™'. In agreement with the findings of
Chinski et al. (1976), equal v, values have been used for the free and
DNA-bound dye.

A further Gaussian, centered at ~26,000 cm™ ', was added to the fits to
take into account contributions from the nearby 1-3 and 1-4 transitions.

A fitting of the 30 K spectrum of EB bound to DNA in 80% ethylene
glycol/water in terms of Eq. 1 is shown in Fig. 2, and the residuals are
reported in the upper panel; the fitting quality is excellent, and is improved
by increasing the temperature. Fittings of comparable quality are obtained
for the free and DNA-bound chromophore in both solvents used. Values of
the parameters that characterize the coupling of the electronic transition
with high-frequency modes are reported in Table 1. Data in Table 1 deserve
some comments:

1. Values of the coupling constants to the “modes” at 550 and 1340
cm™! are on the order of 1 and 0.7, respectively. Such large values should
not be considered unlikely, in view of the average nature of these “modes”
(see discussion above).

2. The coupling constant of the “mode™ at 2000 cm ™' is in the range
0.05-0.1. This value is typical for the coupling of = — =* transitions with
in-plane vibrational modes of organic macrocycles (Schomacker and
Champion, 1986).

3. In agreement with expectations of the literature (Schomacker and
Champion, 1989; Cupane et al., 1996), no relevant temperature dependence
of coupling constants is observed; in fact, eventual variations of S values
are within +5%. For this reason, S values were taken to be constant in the
fittings of the spectra at various temperatures.

4. No relevant differences were observed between S values relative to
bound or free chromophore in the two solvents (although a small increase,

1
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FIGURE 2 Deconvolution of the 30 K spectrum of DNA-bound EB in
terms of Eq. 1. The dots are the experimental points (for the sake of clarity,
not all of the measured points have been reported); the continuous lines are
the theoretical profiles. The residuals are reported in the upper panel, on an
expanded scale.

at the limit of experimental accuracy, was detected for S5, values relative
to DNA-bound EB); this is consistent with the attribution of high-fre-
quency modes to in-plane vibrations of the macrocycle.

RESULTS AND DISCUSSION
Dynamics of the free chromophore

The temperature dependence of parameters o° and v, rela-
tive to EB free in solution is shown in Figs. 3 and 4. The
thermal behavior of these parameters is clearly character-
ized by two distinct regions. At low temperature, the har-
monic behavior given by Eqgs. 2 and 3 is obeyed: the fitting
of the low-temperature data points, relative to both param-
eters o” and v,, in terms of the harmonic model is repre-
sented by the solid lines in Figs. 3 and 4, and the parameter
values are reported in Table 2. At higher temperatures, clear
deviations from the predictions of the harmonic model are
observed for both v, and o”; these can be taken as evidence
of the onset of nonharmonic molecular motions in our
system. The onset temperature depends upon the solvent,
being 150 K and 180 K for the samples in 80% ethylene
glycol/water and in 90% glycerol/water, respectively. The
above values are very close to those reported in the litera-

TABLE 1 Values of the parameters that characterize the
coupling of the electronic transition with high-frequency
modes
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FIGURE 3 Values of parameter o” as a function of temperature for EB
free in solution. (Left) 80% ethylene glycol/water (A); (right) 90% glyc-
erol/water []. The continuous lines represent the fitting of the low-tem-
perature data points in terms of Eq. 2 in the text.

ture for the glass transition temperature of the solvent ma-
trix; this suggests that solvent motions are (directly or
indirectly) involved in the anharmonicity effect. The data
reported in Table 2 characterize the coupling of the elec-
tronic transition with the bath of low-frequency harmonic
modes. In particular, we note that the average frequency
appears to be larger for glycerol/water than for ethylene
glycol/water, thus suggesting that the former matrix consti-
tutes a more rigid environment for the free chromophore
than the latter. Moreover, large o;, values are observed in
both solvents; this can be attributed to a large conforma-
tional heterogeneity, likely brought about by different ori-
entations of the phenyl and ethyl groups with respect to the
phenanthridinium ring. Quadratic coupling appears to be
very small for the chromophore free in solution (R ~ 1),
whereas the different values of vy, + C observed in the two
solvents reflect the well-known solvent effect on the peak
position of the band (see, e.g., Cantor and Schimmel, 1980).

Dynamics of the DNA-bound chromophore

The temperature dependence of parameters ¢” and v, rela-
tive to EB bound to DNA is reported in Figs. 5 and 6 for the
two solvent conditions investigated. Again, a low-tempera-

Solvent Ssso Si340 S2000
EB free 80% ET-GLY 1.1 0.1 066008 0.08*0.02
EB free 90% GLYC 1.1 *01 070=008 0.10*0.02
EB bound 80% ET-GLY 08*0.1 064=008 0.05*0.02
EB bound 90% GLYC 09*01 060=x008 007 =002
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FIGURE 4 Values of parameter v, as a function of temperature for EB
free in solution. Panels and symbols are as in Fig. 3. The continuous lines
represent the fitting of the low-temperature data points in terms of Eq. 3 in
the text.
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TABLE 2 Values of the parameters that characterize the coupling of the electronic transition with the “bath” of low-frequency

modes

Solvent NS (»em™! o, fem™! R (Vg + CYem ™!
EB free 80% ET-GLY 45+05 80 = 30 440 = 20 1.0000 = 0.0001 17991 = 10
EB free 90% GLYC 20*0S5 175 £ 50 460 = 30 1.0000 = 0.0001 17916 = 10
EB bound 80% ET-GLY 25*05 290 = 50 <50 0.9980 * 0.0001 18401 = 10
EB bound 90% GLYC 35*05 275 £ 50 <50 0.9980 =+ 0.0001 18371 £ 10

ture region, where the harmonic behavior given by Eqgs. 2
and 3 is followed, can be clearly identified; the fitting of the
low-temperature data points, relative to both parameters o
and v, in terms of the harmonic model is represented by the
solid lines, and the parameter values are reported in Table 2.
Differences in the dynamics of the free and DNA-bound
chromophore are seen already in the low-temperature har-
monic region. In fact, the DNA-bound dye is characterized
by larger values of the average frequency of the “bath”
(parameter (v)) and smaller heterogeneity (parameter o).
This indicates that the DNA double helix constitutes, at low
temperatures, a rather rigid matrix for the intercalated dye,
in which low-frequency vibrations are hindered; moreover,
the conformational heterogeneity is also greatly reduced, in
line with the location of the phenyl and ethyl groups in the
minor groove (Tsai et al., 1977; Jain et al., 1977).

At higher temperatures, deviations from the predictions
of the harmonic model are again observed, for both param-
eters v, and o”. The anharmonic contributions (also in
comparison with those observed for the free chromophore)
are better evidenced in Fig. 7, where we report parameter
Ad? (i.e., the difference between the measured o* values
and the predictions of the harmonic model) as a function of
temperature. Up to ~280 K, anharmonic motions are
smaller for the DNA-bound than for the free chromophore,
and the Ao” versus T slopes are smaller; around 280 K a
steep increase is observed for the former, so that at temper-
atures higher than ~310 K, anharmonic motions become
larger for the DNA-bound chromophore. The effect tends to
saturate around 350 K, where the DNA double helix has
melted.

A #
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~ e
° 0004 P
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100 200 300 100 200 300
TIK

FIGURE 5 Values of parameter o° as a function of temperature for EB
bound to DNA. (Left) 80% ethylene glycol/water (A); (right) 90% glyc-
erol/water (H). The continuous lines represent the fitting of the low-
temperature data points in terms of Eq. 2 in the text.

Functional relevance and solvent dependence

Data in Fig. 7 clearly show that EB dynamics depends upon
the physical properties of the matrix in which the chro-
mophore is embedded. In particular for the DNA-bound
dye, anharmonic motions, which are initially hindered, be-
come greatly enhanced at temperatures approaching the
physiological range. To investigate the functional relevance
of these motions and their dependence on the external
solvent, Ac” values are reported in Fig. 8, after suitable
normalization, in comparison with the DNA melting curves
measured under identical experimental conditions. We
stress the following points:

1. The steep increase in Ag” values clearly precedes the
melting of the DNA double helix; we therefore attribute the
anharmonic motions to premelting motions within the dou-
ble-helical DNA, rather than to the melting of the double
helix.

2. The above motions strongly depend upon solvent com-
position and in 80% ethylene glycol/water occur at lower
temperatures than in 90% glycerol/water; the solvent effect
on premelting motions is much larger (~20 K) than on the
melting itself (~6 K).

3. The anharmonicity effect tends to saturate at temper-
atures where substantial melting of the double helix is
observed; it may be suggested that data points at the highest
temperatures in Figs. 7 and 8 reflect the dynamic behavior
of the dye bound to single-helical, random-coil DNA. In this
respect it must be noted that detachment of the dye from
DNA, in our experimental conditions, can be excluded by
the data in Figs. 3 and 5. Indeed, it is well known that
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- 1.83 o A‘A
I A‘
< ‘AA
1.82 -
\\
181 - S~
T T T T T T
100 200 300 100 200 300

T/K

FIGURE 6 Values of parameter v, as a function of temperature for EB
bound to DNA. Panels and symbols are as in Fig. 5. The continuous lines
represent the fitting of the low-temperature data points in terms of Eq. 3 in
the text.
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FIGURE 7 Values of Ao” as a function of temperature. Ac? is defined as
the difference between the experimental points in Figs. 3 and 5 and the
harmonic behavior predicted by Eq. 2 (continuous lines in the same
figures). A, [J, EB free in solution; A, l, EB bound to DNA. (Left) 80%
ethylene glycol/water (A, A); (right) 90% glycerol/water ((J, ).

parameter v, (i.e., the peak position of the band) is most
sensitive to the environment of the chromophore; however,
data in Fig. 5 show that w, values for the DNA-bound dye
remain, at high temperatures, around 18,400-18,500 cm™ !,
very different from the values of ~18,200 cm™' observed
for the free chromophore in the same solvents at the same

temperatures.

CONCLUSIONS

The data reported in this work confirm that the temperature
dependence of the optical lineshape is a sensitive probe of
the local dynamics in the proximity of the chromophore.
Moreover, comparison of the thermal behavior of the chro-
mophore free in solution and bound to a macromolecule
makes it possible to obtain information on the local dynamic

0.8 - 0.8
g
é 0.6 - — 0.6
5 f.
£ 044 — 0.4
"o
/‘

0.2 - A — 0.2

TN
.AAA:==.--
100 200 400

T/K

FIGURE 8 Comparison of normalized Ao” values relative to DNA-
bound EB (left scale) with the DNA melting curves (fraction of denatured
DNA, fc; right scale). Symbols are as in Fig. 7. ——, Melting curve in
80% ethylene glycol/water; — — —, melting curve in 90% glycerol/water.
The melting curves were measured under experimental conditions identical
to those under which the Ag® values were measured.
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properties of the macromolecule itself. The question now
arises about the kind of motions that are responsible for the
observed effects. To this purpose, we recall that because we
are using optical absorption spectroscopy, we are able to
detect only nuclear motions coupled to the electronic tran-
sition responsible for the absorption band investigated. In
the present case, because the observed EB absorption band
arises from a m — w* electronic transition within the
phenanthridinium ring, our experimental technique can de-
tect only nuclear motions that take place with respect to the
planar ring structure of the chromophore (and for this reason
the term “local dynamics” is used throughout this work),
whereas motions in which the probe and the nearby atoms
from the macromolecule move in phase (e.g., translations,
rotations, or torsional dynamics of the double helix) remain
undetected; this is at odds with other experimental tech-
niques (e.g., fluorescence decay or fluorescence anisotropy
decay in the nanosecond time scale) that are particularly
sensitive to this last type of motion (Collini et al., 1995). For
a deeper discussion on the dynamic information that can be
obtained with optical spectroscopy, in comparison with that
obtained with other experimental techniques, see Melchers
et al. (1996).

In view of the above arguments, we attribute the anhar-
monic motions responsible for the reported Ao” effect (see
Figs. 6 and 7) to premelting motions within the double-
helical DNA, e.g., local opening or unwinding of the double
helix; the onset of such motions within the double helix may
also allow an increased wobbling of the chromophore inside
its intercalation site. We also suggest that these motions can
be relevant to the functional properties of DNA (replication
and transcription); it is very interesting to stress the rather
large solvent effect observed on Ao? (Fig. 7), which sug-
gests a role of the microenvironment in local anharmonic
motions and functional properties of the DNA double helix.
It may also be suggested that the above solvent-dependent
motions can be invoked to explain the discrepancy between
the measured amount of fluorescence anisotropy decay at
100 ps (Magde et al., 1983; Hird et al., 1989) and the value
calculated with “in vacuo” harmonic dynamics (Rudolph
and Case, 1989). A final warning must also be given,
concerning the effect of the intercalated probe on the re-
ported DNA dynamics; in fact, the rather high [EB)/[DNA]
concentration ratio (approximately one intercalated EB mol-
ecule for every 10 base pairs) used in this study could cause
an enhancement of the double-helix rigidity. However, it
should be stressed that normal-mode analysis shows that
intercalation of ethidium has only minor effects on the
vibrational motions of the surrounding base pairs and that
the motions of ethidium provide a good probe of the sur-
rounding motions (Rudolph and Case, 1989).
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