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Abstract Understanding the sequence dependent molecu-
lar recognition of DNA is crucial for the rational design of
many drugs. Femtosecond resolved studies on the hydration
dynamics of the dodecamer duplexes having sequences
(CGCGAATTCGCG)2 and (CGCAAATTTGCG)2, and their
complexes with the nucleic protein histone 1 (H1) reveal
significant correlation of the molecular recognition of the
DNA and DNA-protein complexes with the dynamics of
hydration. The different molecular recognition of DNA and
DNA-protein complexes is also borne out by circular dichro-
ism (CD) and fluorescence detected CD measurements.

Keywords Hoechst . Sequence dependent molecular
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Introduction

Minor groove of a duplex DNA is the host of a number of
drugs. An important category of such drugs are those which
possess anti-tumor and anticancer properties, and improvisa-
tions in the development of these drugs duly embrace a lion’s
share in current biomedical research. Majority of these
anticancer drugs bind noncovalently in the DNA minor
groove and over the years the binding of ligands in the
DNA minor groove has been a subject of intense and active
research. X-ray crystallographic studies [1, 2] on oligonuleo-
tide duplexes of various length and sequences suggest that

majority of the minor groove binding drugs occupy AT rich
tract. The studies reveal that majority of the minor groove
binders are crescent shaped molecules that slide into the
complementary structure of the DNA groove without
considerable structural perturbation. NMR studies corrobo-
rate similar binding of the drugs in solution phase [3]. The
study of the thermodynamic parameters, through calorimetric
[4] and relatively recent acousto-densimetric techniques [5]
show that the minor groove binding is an entropy driven
process [6]. Studies on femtosecond resolved environmental
dynamics [7, 8] suggest that the dynamical transitions
between free and ordered waters present in the minor groove
assisted biomolecular recognition.

Attempts to study the sequence dependent minor groove
binding in DNAs have produced a wealth of x-ray
crystallographic images of minor groove binding drugs
bound to synthetic oligomers with different combinations of
AT and CG base pairs [1, 9–11]. In a direct attempt to
compare the x-ray crystallographic structures of minor
groove binding in oligomer duplexes having the sequences
(CGCGAATTCGCG)2 and (CGCAAATTTGCG)2, Neidle
et al. have shown that the minor groove binding drugs
berenil [12] and Hoechst 33258 (Hoechst) [13] show small
but significant differences in their binding sites in the
different duplexes. It is well established from both x-ray
crystallographic and volumetric studies that the binding of
these drugs in the minor groove in the dodecamer duplexes
is accompanied by the expulsion of bound waters from the
DNA minor groove [2, 5], further emphasizing that the
process is entropy-driven [6]. Since the dynamical transi-
tion between bound and free waters are crucial for the
molecular recognition of the dodecamer duplexes by drugs,
the questions that naturally arise whether this difference in
the binding sites of the drugs in the two dodecamer
duplexes leaves its imprint in the associated hydration
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dynamics? How is this sequence dependent binding
manifested in DNA-histone complexes? In this present
study, an attempt has been made to exploit the fluorescence
solvochromism of the DNA minor groove binder Hoechst
[14] to study the ultrafast environmental dynamics of the
DNA minor groove in the above two oligomer sequences
and their corresponding histone complexes, using femto-
second resolved fluorescence spectroscopy. The overall
structure and the local structure around the probe of
dodecamer and dodecamer-histone have been monitored
through Circular Dichroism (CD) and Fluorescence
Detected CD (FDCD) studies.

Materials and methods

Phosphate buffer, calf thymus histone 1 (H1) and the
dodecamer DNAs, having sequences CGCGAATTCGCG
and CGCAAATTTGCG, are obtained from Sigma Aldrich.
The dodecamers have been purified by Reverse Phase
Cartridge (RPC) technique and checked by gel electropho-
resis. The gel electrophoresis result indicated a single spot
consistent with pure DNA. In order to rehybridize the
single strand DNA into self-complementary ds-DNA
[(CGCGAATTCGCG)2, O1 and (CGCAAATTTGCG)2,
O2], thermal annealing is performed. The fluorescent dye
Hoechst 33258 (Hoechst) is obtained from Molecular
Probes. All the solutions are prepared in 50 mM phosphate
buffer using water from the Millipore system. The probe-
DNA solutions are prepared by adding requisite amount of
the probe in DNA solution and stirring for 1 h. DNA-H1
complexes (O1-H1 and O2-H1) are obtained by dropwise
addition of H1 solution to the pre-equilibrated solutions of
ligand-DNA with vigorous stirring.

Steady-state absorption and emission are measured with
Shimadzu UV-2450 spectrophotometer and Jobin Yvon
Fluoromax-3 fluorimeter respectively. Circular dichroism
(CD) and Fluorescence detected circular dichroism
(FDCD) are done in a JASCO 815 spectrophotometer.
The femtosecond-resolved fluorescence spectroscopy is
measured using a femtosecond upconversion setup (FOG
100, CDP) in which the sample is excited at 365 nm (0.5nJ
per pulse), using the second harmonic of a mode-locked
Ti-sapphire laser with an 80 MHz repetition rate (Tsunami,
Spectra Physics), pumped by 10 W Millennia (Spectra
Physics). The fundamental beam is frequency doubled in
a nonlinear crystal (1 mm BBO, θ=25°, ϕ=90°). The
fluorescence emitted from the sample is upconverted in a
nonlinear crystal (0.5 mm BBO, θ=10°, ϕ=90°) using a
gate pulse of the fundamental beam. The upconverted light
is dispersed in a double monochromator and detected using
photoncounting electronics. A cross-correlation function
obtained using the Raman scattering from water displayed a

full width at half maximum (FWHM) of 165 fs. The
femtosecond fluorescence decays are fitted using a Gaussian
shape for the exciting pulse. The details of the picosecond-
resolved spectroscopic measurement and the construction of
time resolved emission spectra (TRES) can be found
elsewhere [15]. The time dependent fluorescence Stoke’s
shifts, as estimated from TRES are used to construct the
normalized spectral shift correlation function or the solvation
correlation function C(t) defined as,

CðtÞ ¼ nðtÞ � n 1ð Þ
nð0Þ � n 1ð Þ ð1Þ

where, ν(0), ν(t) and ν(∞) are the emission maximum
(in cm−1) at time zero, t and infinity. The ν(∞) values had
been taken to be the emission frequency beyond which an
insignificant or no spectral shift was observed. The C(t)
function represents the temporal response of the solvent
relaxation process, as occurs around the probe following its
photo excitation and the associated change in the dipole
moment. Picosecond resolved fluorescence anisotropy (r(t))
has been measured with commercially available time corre-
lated single photon counting (TCSPC) setup from Edinburgh
Instrumenets (instrument response function (IRF)=60 ps). For
anisotropy (r(t)) measurements, emission polarization is
adjusted to be parallel or perpendicular to that of the excitation
and anisotropy is defined as,

rðtÞ ¼ Ipara � G� Iperp
� �

Ipara þ 2� G� Iperp
� � ð2Þ

G, the grating factor is determined following longtime tail
matching technique [16]. For the estimation of G through the
tail matching technique, the decay of the fluorescence
anisotropy of a probe in such a solvent is chosen in such a
way that the probe fluoresces at the wavelength of interest
(here 500 nm), and the anisotropy of the probe in the host
solvent should decay down to zero within the experimental
time window. In this condition, the tails of the parallel and
perpendicular fluorescence decays should match. The value
of G required to match the tails at the long time is considered
as the estimated value of G factor. Here, we have taken
coumarin 500 in methanol to estimate the G factor. The time-
resolved anisotropy of a fluorophore/probe reveals the
physical motion of the probe in a microenvironment. We
fit the anisotropy decay by using multi-exponential decay
model, where the time constants reflect rotational correlation
time of the probe in the microenvironment.

Results and discussion

The fluorescence of the probe Hoechst (Scheme 1) is
sensitive to its environment. Fig. 1 shows the fluorescence
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characteristics of the probe in the minor groove of the
dodecamer duplexes having sequences (CGCGAATTCGCG)2
(O1) and (CGCAAATTTGCG)2 (O2) and the corresponding
duplex-histone complexes. The emission maximum of
Hoechst in O2 (Fig. 1b) shows a blue shift of 5 nm compared
to that in O1 (Fig. 1a). The observation is consistent with the
x-ray crystallographic image which reveals that the minor
groove of O2 is narrower than that in O1. The drug, which
occupies the minor groove in both the complexes is less
exposed to the water molecules and is closer to the
hydrophobic residues [13] in O2, compared to that in O1.
The emission spectra of Hoechst in both O1-H1 and O2-H1
(Fig. 1) complexes show blue shift, compared to its emission
in the dodecamers. The excited state of the probe is more
polar than the ground state, therefore, the decrease in stability
of the excited state in the more hydrophobic dodecamer-
histone complexes accounts for a blue shift in the emission
spectrum. It is to be noted that the magnitude of the blue shift
is marginally greater in O1-H1 complexes, pointing out the
possibility of different local environment of the probe in the
two dodecamer-histone complexes. Since the time constants
associated with the decay of fluorescence anisotropy of the
probe in buffer and when bound to dodecamer duplexes are
widely separated in time scales [17], it provides an useful
measure to confirm the binding of the probe in oligomer
duplexes and the corresponding dodecamer histone com-
plexes. Femtosecond resolved decays of fluorescence aniso-
tropies (data not shown) do not decay appreciably in 250 ps,
suggesting that there is no faster motion of the probe in the
different environments. The insets of Fig. 1 show the decay
of picosecond resolved fluorescence anisotropies in the
different dodecamers and the dodecamer-histone complexes.
In bulk buffer, the probe shows rotational motions having a
time scale of 500 ps [18]. However, the presence of longer
rotational time times of the probe in the dodecamer duplexes
and in their corresponding histone complexes indicate that the
probe is in the bound state. In the dodecamer duplexes O1
and O2, the rotational time scale of ~5 ns (Table 1) represents
the global tumbling motion of the probe-DNA complex [15].
The longer component (~50 ns, Table 1) reflects the rotational
motion of the probe-DNA complex which is not complete
within the fluorescence lifetime of the probe. Since the
rotational motion represents the global tumbling motion of

the DNAs, no significant difference is expected for oligomers
of the same size, as is borne out by the similarity of the
rotational time constants, tabulated in Table 1. In O1-H1 and
O2-H1 complexes, the percentage of the long component
(~80 ns) increases (Table 1) suggesting that a greater part of
the rotational motion of the protein-DNA complex is not
complete within the fluorescence lifetime of the probe. The
slower rotational motion is consistent with the larger size of
the dodecamer-histone complex [19].

The studies on the fluorescence anisotropies suggest that
the probe remains as an essential part in both duplexes and
their corresponding histone complexes and hence can report
their environmental dynamics. Figure 2 shows the femto-
second resolved fluorescence transients along the emission
profile of Hoechst in the different systems. The transients in
the dodecamers and their corresponding histone complexes
show fast decays (2–30 ps) in the blue end and corre-
sponding rises in the red end characteristic of environ-
mental stabilization [20]. The temporal evolution of the
emission spectrum (shown in the time resolved emission
spectrum (TRES), insets of Fig. 3) in the different environ-
ments is expressed as the decay of the solvation correlation
functions, C(t) (Fig. 3). The time constants of C(t) decay
associated with the ultrafast environmental relaxation in the
minor groove of the studied dodecamer duplexes and their

Scheme 1 The schematic representation of the probe Hoechst 33258

Fig. 1 a The emission spectra of Hoechst-O1 and Hoechst-O1-H1
complexes. The emission in buffer is also shown for comparison. b
The emission spectra of Hoechst-O2 and Hoechst-O2-H1 complexes.
(Inset) the decay of fluorescence anisotropy of Hoechst in different
environments
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respective histone complexes are tabulated in Table 1. A
pioneering study [7] by Zewail et al. on the ultrafast
relaxation dynamics in the minor groove of the dodecamer
duplex (CGCAAATTTGCG)2 (O2 in our study) reveals
that the ultrafast dynamics is associated with the environ-
mental relaxation of bulk-like water (1.4 ps, 64%) and
ordered water (20 ps, 36%) present in the DNA minor
groove, the dynamical interconversion between which is
proposed to be crucial for the minor groove recognition by
the ligand. The time constants associated with the environ-
mental relaxation in O2 (2 ps (61%) and 28 ps (39%))
show striking similarity with the results obtained by
Zewail et al. [7].

It seems logical that a comparison between the environ-
mental dynamics in the minor groove of the dodecamer

duplexes O1 and O2 should be preceded by the comparison
of their x-ray crystallographic structures. Analyses of the
crystal structures of Hoechst-O1 and Hoechst-O2 com-
plexes by Neidle et al. [13] have revealed that the drug has
distinct binding sites in the two duplexes. Hoechst shows a
strong preference for the central AATT site in the duplex
O1 (Scheme 2). The binding of Hoechst to the central
AATT tract in O1 is corroborated from high field NMR
study [21]. In the NMR study, the evidence of the chemical
shifts of the C1 hydrogen atoms present in the minor
groove coupled with the internal Nuclear Overhauser Effect
(NOE) peaks provides strong evidence for drug binding in
the central AATT tract. However, in O2, the drug occupies
a unique non disordered position fully covering the lower
four AT base pairs (the sequence 5′-ATTTG) with the

Table 1 Fitting parameters for the ultrafast environmental dynamics and rotational dynamics of Hoechst in dodecamer duplexes and duplex-
histone complexes

System Solvation correlation function, C(t) Fl. Anisotropy, r(t)

τ1(ps) τ2 (ps) τ3(ps) τrot1 (ns) τrot2 (ns)

H-O1 1.16±0.11 (50%) 28.31±2.83 (50%) – 4.9±0.49 (93%) 50±5.0 (07%)

H-O1-H1 2.01±0.20 (41%) 30.93±3.09 (25%) 0.24±0.02 (33%) 5.2±0.52 (50%) 80±8.0 (50%)

H-O2 1.99±0.20 (61%) 28.5±2.85 (39%) – 5.0±0.5 (94%) 50±5.0 (06%)

H-O2-H1 1.98±0.20 (70%) 29.7±2.97 (30%) – 5.9±0.59 (50%) 80±8.0 (50%)

Fig. 2 The femtosecond
resolved fluorescence transients
at different wavelengths of
Hoechst in different environ-
ments. Baseline of each transient
is shifted for clarity. The instru-
ment response function (IRF) is
also shown in black (Fig. 2(a))
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methyl piperazine ring reaching the edge of lower adjacent
CG base pair (piperazine down orientation). It is known
that extended AT tracts in DNA sequences tends to have
high propeller twists and result in narrow minor grooves
[22, 23]. The central sequence of 5′-AAATTT in O2
imposes small but significant differences compared to that
in 5′-AATT, which forces Hoechst to have a different
binding site, with narrowed minor groove in the 3′ direction
of O2 favoring drug binding in that direction (Scheme 2).
The structure of the hydration waters associated with these
sequences also show small but significant differences. The
“spine of hydration” [1] of O1 modifies itself into a more
flattened “ribbon of hydration” [2] in O2, the details of
which are discussed in the respective references (references
1 and 2). The waters revealed in the x-ray crystallographic
images are the structurally observed waters [8] which may
have reorientation times from hundreds of picoseconds to
several nanoseconds. However, acousto-densimetric tech-
niques sense a much broader population of water molecules
than crystallographically ordered waters [5]. These tech-
niques show that there are ~25 water molecules associated
with each base pair of DNA duplexes. Thus, it is evident
that in addition to these structurally ordered waters, there
are dynamically ordered waters present at the surface of a
biomolecule. These dynamically ordered molecules are

constantly in exchange with the bulk. The presence of such
dynamically ordered molecules at the surface of the
proteins [24] and DNA [7, 25] have been revealed from
femtosecond-resolved spectroscopic studies. Molecular
dynamics simulation study [26] on the hydration of
myoglobin have also revealed the existence of water
molecules having considerable mobility, and breaking and
reforming bonds with the protein. The dynamically ordered
waters at a biomolecular surface are characterized by a
solvation correlation time of 20–40 ps [7]. The contribution
of these ordered waters to the overall solvation of the probe
decreases from 50% in O1 to 39% in O2 (Table 1), and
possibly reflects lesser number of dynamically ordered
waters in the narrower minor groove of O2. The faster
counterpart, reflecting the dynamics of free type water
present in the groove decreases from 2 ps in O2 to 1 ps in
O1 (Table 1), suggests faster motion of free type waters in
the wider groove of the latter.

At this juncture, it would be interesting to compare the
situation in histone-DNA complexes. Since the DNA
condensation in vivo stems from the interaction of DNA

Fig. 3 The temporal decay of the solvation correlation function in a
Hoechst-O1 and Hoechst-O1-H1 complexes b Hoechst-O2 and
Hoechst-O2-H1 complexes. The insets show the constructed TRES
in different environment

Scheme 2 The schematic representation of the probe Hoechst 33258
in the dodecamer duplexes O1 and O2. The yellow dotted lines
represent the hydrogen bonds between the dye and the DNA bases.
The DNA bases are represented as circles for clarity of presentation
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fragments with histone [27, 28], DNA-histone complexes
are the closest mimics of the condensed DNA to be realized
in practice. Figure 3a and b represents the temporal decay
of the solvation correlation function associated with the
environmental relaxation in O1-H1 and O2-H1 complexes.
A comparison of the associated time constants (Table 1)
makes it evident that the difference in hydration dynamics
between O1 and O1-H1 complexes are more pronounced
than that between the hydration dynamics of O2 and O2-H1
complexes. The environmental dynamics in Hoechst-O2-
H1 complexes are marginally faster than that of the
Hoechst-O2 complexes, with increase in the bulk water
dynamics. However, the environmental dynamics of
Hoechst-O1-H1 complex shows an additional 240 fs
component in contrast to the dynamics in Hoechst-O2
complex.

It is to be noted that the solvation of Hoechst in buffer is
associated with time constants of 195 fs (33%) and 1.2 ps
(67%) [7]. The appearance of water-like component in the
environmental dynamics in the Hoechst-O1-H1 complex
might indicate expulsion of the probe in bulk water.
However, absence of picosecond components, (charac-
teristic of the rotation of the probe in bulk buffer), in the
rotational anisotropy of the probe in the O1-H1 and O2-H1
complexes as discussed above, negates the possibility of the
expulsion of the probe in buffer. The position of the

emission maximum of Hoechst in the O1-H1 complex
(Fig. 1) is also blue shifted compared to that in buffer,
indicating the location of the probe in a much hydrophobic
and rigid environment than in buffer [18]. Solvation dynamics
studies on 2-(p-tolidino)naphthalene-6-sulphonate (TNS) and
5-(dimethylamino)naphthalene-1-sulfonyl chloride (DC)
bound the N and C terminal portions of the histone molecule
shows that the solvation occours as fast as in bulk solvents
[20], indicating the minor role of rigid water structure in the
binding sites. Since the N and C termini with high densities
of positive charges are involved in the recognition of DNA
by electrostatic interactions, these random coils optimize the
attraction by ulilizing labile bulk water [20]. Thus in O1-H1
complexes, the presence of water like component suggests
that the probe in the wider minor groove senses the
dodecamer-histone interaction more effectively, than in the
O2-H1 complexes, where due to the location in the narrower
groove, it shows only a marginal increase in the bulk-like
water component. Also, it is to be noted that the histone H1,
used in our study is rich in lysine and hence shows affinity
towards GC tracts in DNA [29]. The possibility of better
interaction of the protein with O1, having a higher GC
content, can not be ruled out.

In order to study the different interaction of the
dodecamer duplexes with the protein, we compared the
circular dichroism (CD) spectra. Figures 4a and b show

Fig. 4 The circular dichroism
(CD; a and b) and fluorescence
detected circular dichroism
(FDCD; c and d) spectra in
different systems
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the CD spectra of the Hoechst-O1-H1 and Hoechst-O2-H1
complexes. The CD spectra of the dodecamers with the
probe show general characteristics having positive peaks
around 350 nm and 281 nm and a negative peak around
250 nm. The positive peak around 280 nm and the negative
peak at 250 nm are associated with the structure of B form
DNA [19]. The twin positive peaks around 320 nm and
360 nm reveal the induced chirality of Hoechst in DNA
environments [30], which is absent in bulk buffer (data not
shown). From the CD spectra of the dodecamer-histone
complexes, it is evident that the structure of O1 is more
perturbed in its histone complex than O2 in the complex.
Most likely, O1 reveals a mixture of B and C form DNA
[19] in the complex. Relatively larger negative peak at
230 nm bears the signature of H1. From the spectra it is
evident that the immediate environment of the probe in the
O1 complex is heavily affected by the complexation, which
is reflected in the change in the induced chirality (peaks
around 350 nm) of the probe in the complex. In order to
further confirm the change in the induced chirality of
Hoechst in O1 and O2 and upon complexation with H1,
FDCD measurements on the probe in the dodecamers and
in the dodecamer-histone complexes (Fig. 4c and d) are
performed. The FDCD spectra of Hoechst in dodecamer
and dodecamer-histone complexes reveal greater perturba-
tion in the O1-H1 complex, consistent with those obtained
from femtosecond studies.

Conclusion

In the present work, we have studied molecular recognition
of two dodecamer duplexes (CGCGAATTCGCG)2 and
(CGCAAATTTGCG)2, and in their respective histone
complexes by the drug Hoechst through comparison of
their femtosecond resolved environmental dynamics. The
modest difference between the molecular recognition of
the two dodecamer duplexes by Hoechst gets amplified in
the dodecamer-histone duplexes, suggesting a possible differ-
ence between drug action in vivo and in vitro. The change in
molecular recognition as evidenced from femtosecond experi-
ments is corroborated from CD and FDCD studies.
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