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Water around biomolecules is special for behaving strangely – both in terms of structure and dynamics, while ions are found
to control various interactions in biomolecules such as DNA, proteins and lipids. The questions that how water and ions
around these biomolecules behave in terms of their structure and dynamics, and how they affect the biomolecular functions
have triggered tremendous research activities worldwide. Such activities not only unfolded important static and dynamic
properties of water and ions around these biomolecules, but also provoked heated debate regarding their explanation and
role in biological functions. DNA, being negatively charged, interacts strongly with the surrounding dipolar water and
positively charged counterions, leading to complex electrostatic coupling of water and ions with the DNA. Recent timeresolved ﬂuorescence Stokes shift experiments and related computer simulation studies from our and other laboratories
have unfolded some unique dynamic characteristics of water and ions near different structures of DNA. These results are
discussed here to showcase the specialty of water and ion dynamics around DNA.
Keywords. DNA probes; DNA simulation; DNA solvtion; duplex and G-quadruplex DNA; time resolved ﬂuorescence
Stokes shift

1. Introduction
Water and ions control chemical process in biological systems, thereby directly and/or indirectly facilitating the
functions of biomolecules such as nucleic acids (DNA and
RNA), proteins and lipids (Bagchi 2013; Ball 2008). The
fact that water is an essential chemical for life’s processes on
earth (and possibly elsewhere) (Rothschild and Mancinelli
2001) was envisaged long back in 16th century by Leonardo
da Vinci who claimed, ‘water is the vehicle of nature’ and
also by Paracelsus who stated, ‘water is the matrix of the
world and of all its creatures’ (Jacobi 1979). However, the
actual molecular understanding of the exquisite role of water
(and ions) in the chemistry of life has started emerging only
recently with the utilization of modern experimental techniques, advanced computer simulations and theoretical calculations. Thus, the role of water and ions in and around
biomolecules on the kinetics and thermodynamics of biochemical processes occurring at the molecular level were
rather less explored for long. In fact, recently, scientists have
started looking at the dynamical properties and role of water
and ions in the biomolecular functions.
For long, water was considered as rather a passive background matrix on which only suitable biomolecular structures were thought to perform the mammoth of biological
functions (Gerstein and Levitt 1998). However, water and
http://www.ias.ac.in/jbiosci

ions residing in the hydration shells and pockets/grooves of
DNA/RNA, proteins and lipids are found to be vital for the
structural stability and ﬂexibility of these biomolecules to
perform functions (Bagchi 2013; Ball 2008; Haldar et al.
2011). Such water and ions in the hydration/condensation
layer of biomolecules show hydrogen-bond (vibrational) and
diffusive (rotational and translational) dynamics in ultrafast
timescales ranging from tens of femtoseconds (10-15 s) to
several nanoseconds (10-9 s) (Bagchi 2013). In fact, the idea
that such ultrafast dynamics of water, ions and biomolecules
bridge the structure–function relation of these biomolecules
at a molecular level is increasingly emerging with a large
body of new experimental and simulation data (Bagchi
2013). This article reviews a few such results on the
dynamics in DNA to provide a current perspective on the
understanding of nature of water and ion dynamics around
DNA and their role in stabilizing dynamic DNA structures as
well as interactions of DNA with ligands and proteins.
Water and ions are found to mediate vital biological
processes such as acceleration of enzyme catalysis (Robinson and Sligar 1993; Grossman et al. 2011), molecular
recognition (Jayaram and Jain 2004), protein conformational
ﬂuctuations (Barron et al. 1997), membrane stability (Haldar
et al. 2011; Yamamoto et al. 2014), charge transfer in proteins (Beratan et al. 2015) and nucleic acids (Genereux and
Barton 2010), protein folding (Kim et al. 2008), protein–
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protein (Papoian et al. 2003), DNA–protein (Mol et al.
2000; Sen et al. 2005), and DNA–ligand (Mukherjee et al.
2008) interactions. In fact, the local dynamics of water and
ions can accelerate or decelerate many of these processes by
stabilizing the transition states differently. Indeed, the
interaction of water with proteins has been considered as a
major determinant for speciﬁc substrate binding and chain
dynamics of globular proteins (Grossman et al. 2011).
Enzyme ﬂexibility was found to be another important factor
for binding to its substrate and subsequent catalytic function
(Rasmussen et al. 1992). On the other hand, stopping of
electron transfer along the length of Watson–Crick DNA was
observed upon freezing the conformational motions of DNA,
indicating the vital role of ultrafast dynamics in DNA for
fundamental chemical processes (O’Neill and Barton 2004).
Furthermore, it has been suggested that varying efﬁciencies
of recognition and repair of different DNA base-mismatches
by enzymes possibly relate to distinct inherent dynamics of
base-mismatches and their surrounding environment (Rossetti et al. 2015; Bhattacharya et al. 2002).
Nevertheless, studying the dynamics of water and ions in
and around biomolecules is rather difﬁcult than exploring the
biomolecules themselves. While X-ray crystallography and
nuclear magnetic resonance (NMR) are widely used to
determine structures of biomolecules at atomic resolution,
dielectric relaxation (Saif et al. 1991), time-resolved ﬂuorescence Stokes shift experiments (TRFSS) (Bhattacharyya
2008), transient absorption (Andreatta et al. 2005), 3-pulse
photon echo peak shift (3PEPS) (Passino et al. 1997), timeresolved infrared spectroscopy (Siebert et al. 2016), fourwave mixing spectroscopy (Oglivie et al. 2002) as well as
NMR (Denisov and Halle 1996) are widely used to explore
the biomolecular dynamics over broad time ranges from
femtoseconds (10-15 s) to microseconds (10-6 s). Among
them, TRFSS experiments stand out to be unique because
they can measure the local collective (solvation) dynamics of
biomolecules and their surrounding water and ions in the
similar timescales of constituent molecular motions which
occur in few femtoseconds (10-15 s) to several nanoseconds
(10-9 s) (Berg et al. 2008). Furthermore, ﬂuorescence as a
signal is pure and highly sensitive, which originates from the
excited electronic state of a ﬂuorophore embedded inside a
(biomolecular) solution and does not contain any other
competing signals.
Molecular dynamics (MD) computer simulations, on the
other hand, have evolved exponentially in recent times,
which help in understanding the structure and dynamics of
biomolecules and their surrounding water and ions with
atomistic details and also in ultrafast timescales (Laage et al.
2017; Bagchi 2005). In fact, much of the current understanding of biomolecular dynamics in ultrafast timescales is
gained from direct comparison of TRFSS experiments and
related MD simulation results. Such results are discussed
herein in the context of DNA dynamics.

A large body of ultrafast experimental and simulation
studies unravelled that hydrogen-bond and diffusive (solvation) dynamics of water and ions around biomolecules are
profoundly modiﬁed, which show retarded dynamics ranging from few picoseconds (ps) to several nanoseconds (ns),
as compared to only *1 ps solvation dynamics in pure bulk
water (Jimenez et al. 1994). Owing to partial or full loss of
extended hydrogen-bond network of bulk water near the
biomolecules and due to multitude of interactions (mainly
columbic and hydrogen bonds) such water molecules which
reside within *10–15 Å from biomolecule, so-called the
Biological Water (Bagchi 2013; Zewail 2011), exhibit
remarkable static and dynamic properties. These modiﬁed
properties of hydrating water molecules (and also of ions)
are fascinating, yet highly puzzling and elusive, which led to
substantial debate in explaining their dynamics and the role
of such slow solvent relaxation in biomolecular functions
(Halle and Nilsson 2009; Jungwrith 2015; Mondal et al.
2017).
Structurally, DNA, proteins and lipids differ in many
ways, but their underlying dynamical features are expected
to be similar, at least in their outer hydration layer (Laage
et al. 2017). However, several recent TRFSS experiments
and MD simulation studies showed that unlike proteins and
lipids, the dynamics in DNA are rather dispersed because
there lies very strong electrostatic coupling among the
negatively charged DNA, positively charged counterions
and dipolar water molecules. It has been shown that the
collective dynamics of electrostatic interactions (solvation)
of water, ions and DNA is highly non-exponential and dispersed, which extend over several decades in time from
femtoseconds to nanoseconds following mostly power-law
(*t-a) type relaxation (see following citations). The explanation of such dispersed solvation dynamics remains difﬁcult, and thus interpretations of dynamics and their role in
DNA functions remain elusive.
In this review, we focus on the anomalous dynamics of
water and ions in the vicinity of DNA, which are unravelled
by TRFSS experiments and related MD simulation studies.
The discussion here will provide molecular-level understanding of anomalous dynamics of water and ions around
various structures of DNA and their possible biological
signiﬁcance, namely, their role in ligand and protein interactions with DNA. Particularly, we emphasize our discussion on few questions: (1) what is the nature of (solvation)
dynamics in DNA? (2) How different probe-positions inside
Watson–Crick duplex DNA modulate the hydration and ion
dynamics in the grooves of DNA? (3) How ion dynamics are
affected by minor groove-bound ligands to DNA? (4) How
anomalous water and ion motions are affected by local basesequence inside DNA minor grooves? (5) What is the effect
of base mismatch on the local hydration and ion dynamics?
(6) How dynamics of water and ions near non-canonical
G-quadruplex DNA structures are affected? The discussions
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related to these questions will ultimately emphasize the
specialty of dynamic water and ions near DNA and their
possible role in the fundamental biological functions
involving DNA.

2. Solvent relaxation in pure liquid water
In liquid form, water molecules interact strongly with their
neighbouring partners through extensive three-dimensional
hydrogen-bond network, forming four hydrogen bonds - two
via hydrogen-donating OH groups and two via hydrogen-accepting oxygen atom. These hydrogen bonds are directional
such that water molecules stay in particular spatial orientations
where oxygen of one water molecule creates nearly tetrahedral
structure coordinated to four other water molecules (ﬁgure 1a). Such hydrogen-bond structures of water molecules
lead to many unusual properties of liquid water.
At room temperature, uncorrelated translational and rotational motions of water molecules by random steps are the
primary modes of displacement of water molecules that give
rise to hydrogen-bond breaking and -making dynamics in pure
liquid water (ﬁgure 1b). Using the diffusion coefﬁcient and
molecular diameter of water, one can actually show that the
typical timescale of translation of a water molecule by one of
its molecular diameter is *5 ps (i.e. 5 9 10-12 s), while the
water rotational time constant is *2.5 ps (see ﬁgure 1b). Such

Figure 1. (a) Three-dimensional hydrogen-bond structure of
liquid water showing nearly tetrahedral structure involving ﬁve
water molecules. (b) Cartoon showing hydrogen-bond breaking and
-making dynamics due to rotation and translation of water
molecules.
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translation and rotation of water allow the three-dimensional
hydrogen-bond breaking and -making whose typical lifetime
is found to be *6.5 ps (Bagchi 2013).
A collective electrostatic polarization response of the
above processes in liquid water can be captured in dielectric
relaxation (Saif et al. 1991) and solvation dynamics experiments (Jimenez et al. 1994). In dielectric relaxation experiment, positive and negative charges are introduced quickly
on two plates of a capacitor, which leads to creation of a
uniform electric ﬁeld within the sample placed between the
plates. The rotational and translational motions of solvent
(here water) create a net electrostatic polarization which
opposes the applied electric ﬁeld between plates. The
development of this opposing polarization ﬁeld with time is
then measured by following the time-dependent voltage
change between the places of capacitor to measure the solvent relaxation dynamics. However, such an experiment
does not have spatial resolution where the majority of
response comes from bulk water, while the effects from
motional water and ions in the hydration layer of biomolecule and also the biomolecular motion remain suppressed.
The macroscopic dielectric-relaxation experiment is
actually reduced to nanoscale measurement in the time-resolved ﬂuorescence Stokes shift (TRFSS) experiment, which
captures the polarization response of solvents residing typically within *10 Å from a probe-site embedded inside the
solvent (Jimenez et al. 1994). Thus, TRFSS experiment
emerged as one of the most effective techniques for measuring the local electrostatic polarization dynamics (i.e.
solvation dynamics) with very high time resolution down to
few tens of femtoseconds and spatial resolution of *10–15
Å from the probe-site. In fact, with the development of
pulsed laser sources and opto-mechanical components,
measurements of such solvation dynamics in complex
biomolecular systems over broad time range from femtoseconds to nanoseconds are achievable nowadays.
In TRFSS experiment (also known as dynamic Stokes shift
experiment), an ultrashort laser pulse excitation promotes a
ﬂuorescent probe molecule, dissolved in a solvent, from its
ground (S0) to excited (S1) electronic state. Such excitation
occurs within few femtoseconds. The instantaneously changed charge distribution in the probe exerts electric ﬁeld on
surrounding solvent molecules (water in this case). Subsequently, the surrounding solvent molecules reorient themselves around the probe so as to minimize the total electronic
energy of the system. During this stabilization process, the
probe loses its energy to ground state, which leads to shifting
of its ﬂuorescence spectrum towards low energy producing
the TRFSS (ﬁgure 2) (Jimenez et al. 1994).
In scanning-type TRFSS experiment, ﬂuorescence decays
are collected at different wavelengths across the entire
steady-state emission spectrum of probe in solution. At
shorter wavelengths, the decays show fast lifetimes, but at
longer wavelengths the decays show slower lifetimes with
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Hence, frequency- and time-dependent ﬂuorescence
intensity can be written as
Figure 2. Schematic representation of solvent relaxation process
around a (ﬂuorescent) dipolar probe.
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initial rise. This is typical signature of the underlying solvation process. The dynamic information of any molecular
assembly can be obtained by following the evolution of ﬂuorescence spectra with time through constructing of timeresolved emission spectra (TRES) from ﬂuorescence decays.
TRES provide many insights about the dynamics of solute–
solvent interactions, which is otherwise not easy to retrieve
from only the time constants obtained from decay ﬁts. TRES
are generally reconstructed from the wavelength-dependent
decay parameters and steady-state emission spectrum
(Jimenez et al. 1994). To construct TRES, ﬁrst the wavelength (or frequency)-dependent intensity decays are ﬁtted
with sum of multi-exponential function by deconvoluting the
instrument response function (IRF), and then the ﬁtted
parameters are used together with steady-state ﬂuorescence
spectrum. It is quite common to have wavelength-dependent
decays which can be ﬁtted with sum of multi-exponentials
even for a single type of dye in solution. In such cases, for
construction of TRES, there is no restriction on the number of
exponentials used to ﬁt the wavelength-dependent decays as
long as the number of exponentials demands the best ﬁt of
raw decays (best chi-square and best residual). However, care
must be taken on the multi-parameter correlation during ﬁts
such that all the parameters (amplitude and time constants)
are well behaved, that is, they arise in a systematic manner
representing the actual features of the wavelength-dependent
raw decays. The best possible ﬁtted parameters also leads to a
smooth constructed TRES that shifts systematically with time
(Pal et al. 2010). Steady-state spectrum is generally the time
average of the intensity decay, which can be written as

In actual measurements, the interval between the
wavelengths at which the intensity decays are collected
across steady-state emission spectrum is kept typically
in 10–20 nm gap. The constructed scattered TRES
is then ﬁtted with a Log-normal function (eq. 6),
which models the accurate line-shape of the spectra,
i.e. the typical asymmetric proﬁle of spectra (Pal et al.
2010).
2
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when (2b(m - mp)/c) [ - 1,
but I(m) = 0 when (2b(m - mp)/c) B - 1
Here, I0 is the peak intensity of TRES, mp is the corresponding peak frequency, c is related to the width of the
spectra and b is the asymmetric factor.
Generally, time-dependent ﬂuorescence Stokes shift
(TDFSS) and solvation correlation function are represented
in terms of time-dependent peak frequency shift of spectra.
However, the spectral shift in terms of average frequency
(or ﬁrst moment), rather than the peak frequency, has
several advantages: It not only takes into account the
contribution from entire ﬂuorescence spectrum, but also the
asymmetric feature of the spectrum. Moreover, the shift in
average frequency is directly proportional to the shift in the
total (average) energy of the system with time. Thus, the
ﬁrst moment frequency (or average frequency) is calculated
from the log-normal ﬁts to TRES using Eq. 7 and plotted
with time to obtain the ﬁnal solvation correlation functions
of the system, which directly represents the dynamic nature
of energy relaxation (dynamics of solvation) (Pal et al.
2010).
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m ¼

r1
0 mIðmÞdm
r1
0 IðmÞdm

ð7Þ

Finally, ﬂuorescence intensity decays are ﬁtted with
multi-exponential functions, and the ﬁtted parameters are
used together with the steady-state emission spectrum to
construct the TRES. From TRES, the ﬂuorescence Stokes
shift is calculated in terms of peak or mean frequency
shift with time, which depicts the solvent relaxation
process. Many times such solvation process is depicted as
the normalized solvation correlation function, which is
deﬁned as (Jimenez et al. 1994)
CE ðtÞ ¼

mðtÞ  mð1Þ
mð0Þ  mð1Þ

ð8Þ

where mð0Þ, mðtÞ and mð1Þ are the (average or peak) ﬂuorescence frequencies at time t = 0, t and ?, respectively.
Sufﬁx ‘E’ in CE(t) represents the experimental solvation
correlation function. Finally, the nature of solvation correlation function (or only the frequency shift with time) is
modelled with suitable function (mostly exponential) to
follow the solvent relaxation dynamics.
Jimenez et al. performed TRFSS experiment using femtosecond ﬂuorescence up-conversion (UPC) technique to
measure the pure water relaxation around a ﬂuorescent
probe, Coumarin 343 (C343), dissolved in the water (Jimenez et al. 1994). The decay of solvation correlation function
(Eq. 8) obtained in this experiment was ﬁtted to a Gaussian
component summed with two exponential relaxations (ﬁgure 3). The Gaussian component was of 28 fs (48% of total
amplitude) which originates from fast librational motion of

Figure 3. Solvent response functions of Coumarin-343 in water
obtained from TRFSS experiment and simulation (labelled as Dq).
The solvation dynamics of neutral solute (S0) is also included.
Adapted with permission from Ref. (Jimenez et al. 1994).
Copyright (1994) Nature Publishing Group.
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water molecules. Two slower exponential components of
126 fs (20%) and 880 fs (35%) were also extracted, which
were assigned to the diffusive solvent relaxation time constants (Jimenez et al. 1994). Thus, the average timescale of
water solvation dynamics was found to be *1 ps.
Using MD simulation, Maroncelli and Fleming (Maroncelli and Fleming 1988) as well as Bader and Chandler
(Bader and Chandler 1989) have predicted fast Gaussian
dynamics of *25 fs with higher amplitude of (70%–90%).
A recent elaborate simulation work by Corcelli and coworkers of a probe (Hoechst 33258) in pure water found
solvation dynamics in water with three exponential components of *9 fs (*50%), *170 fs (*30%) and 1.4 ps
(*18%) (Furse et al. 2008), reproducing most of the
experimental ﬁndings.

3. Structure and dynamics of water and ions around
Watson–Crick duplex DNA
The poly-anionic Watson–Crick double-helical DNA structure is stabilized by solvation environment constituted by
dipolar water and positively charged counterions (Berg et al.
2008). The change in such solvation state can lead to drastic
changes in the DNA structure (Saenger et al. 1986). Previous
X-ray (Drew and Dickerson 1981), NMR (Denisov et al.
1997) and simulation (Subramanian et al. 1988) studies have
predicted structured water molecules in the minor groove of
DNA, suggesting the existence of so-called the spine-ofhydration within grooves of DNA. Very recently, chiral
nonlinear vibrational spectroscopy conﬁrmed such structural
water inside the minor groove of DNA in solution at ambient
conditions, and also showed that these structured water form
a dynamic chiral spine-of-hydration (ﬁgure 4a) (McDermott
et al. 2017). Furthermore, NMR and MD simulation studies
showed accumulation of a large concentration of counterions
near the phosphate groups and inside grooves of DNA
(ﬁgure 4b) (Ponomarev et al. 2004).
At physiological condition, DNA interacts strongly with
the surrounding counterions and water, making the functional hydration shell of DNA to extend over several water
layers from its surface (typically *10-15 Å), as a whole
known as the condensation layer (Manning and Ray 1998).
Inherent dynamic ﬂuctuations of DNA backbone and base/
base-stacks induce dynamics in the solvating water and
counterions. Such dynamics of water and counterions control several processes such as DNA recognition and twisting
of DNA helix. Even contraction and expansion of DNA
helix is reliant on its hydration level. In fact, dehydration is
found to change the right-handed B-DNA to the shorter and
wider A-DNA and left-handed Z-DNA (Saenger et al. 1986).
The question that we pose here: How to measure the
dynamics of such hydrating water and counterions in-andaround DNA? A considerable number of TRFSS and related

504

H Shweta and S Sen

Figure 4. (a) Chiral spine-of-hydration in the groove of DNA
obtained from nonlinear vibrational spectroscopic study and MD
simulation. Adapted with permission from Ref. (McDermott et al.
2017). Copyright (2017) American Chemical Society. (B) Accumulation of a high concentration of Na? ions near the phosphate
groups of DNA obtained from the superposition of snapshots of 65
ns MD simulation. Adapted from Ponomarev et at. (2004).
Copyright (2004) National Academy of Sciences.

MD simulation studies on DNA dynamics have been performed, which enabled us to understand the nature of water
and counterion dynamics in the vicinity of DNA, and their
possible role in DNA functions. These results are discussed
below showcasing the specialty of water and ion dynamics
near DNA.

3.1

Probe-location dependent dynamics in duplex DNA

Solvation dynamics in pure liquid can be probed by using
ﬂuorescent molecules (such as Coumarin and Hoechst) as
discussed earlier. Also, protein solvation dynamics can be
measured by monitoring TRFSS of intrinsic tryptophan
(Zewail 2011). However, unlike proteins, DNA does not
possess intrinsic ﬂuorescent base (A, T, G, C) or backbone.
Therefore, study of DNA dynamics through ﬂuorescence
requires incorporation of (solvatochromic) ﬂuorescent
probes, which can be placed in site-speciﬁc manner inside
DNA (Berg et al. 2008). Such probes are incorporated
mainly by two ways: through covalent and non-covalent
interactions (ﬁgures 5a and b). Solvatochromic 2-aminopurine (2-AP), Coumarin-102 (C102), and 2-hydroxy-7-nitroﬂuorene (HNF) have been incorporated by covalently
attaching them to sugar moiety in DNA, replacing a base or
a base-pair; thus the probe becomes a part of the DNA
(ﬁgure 5c). These so-called the base-stacked probes were
used in DNA solvation dynamics studies. These molecules

are suited for TRFSS studies as they show large solvatochromic shift based on local dielectric environment. On
the other hand, non-covalently attached minor groove binders such as DAPI and Hoechst, the so-called groove-bound
probes, are widely explored in TRFSS studies as these
probes enhance their ﬂuorescence several fold upon binding
to the AT-rich DNA minor grooves, and also that they show
large solvatochromic ﬂuorescence shifts (ﬁgure 5d).
In TRFSS experiments, these probes, embedded inside
DNA, can be directly excited by a short laser pulse and the
subsequent TDFSSs can be monitored. However, unlike in
pure water, in DNA, the ﬂuorescent probe in the electronic
excited state is stabilized by not only the dynamic water
molecules, but also the motional counterions and charged/
dipolar parts of DNA molecule which reside within *10–15
Å from the probe-solute (see ﬁgure 5e). Thus, the measured
ﬂuorescence Stokes shift dynamics of probe reports the
collective dynamic response of local water, counterions and
DNA parts at the probe-site as shown in ﬁgure 5e.
3.1.1 Dynamics probed by base-stacked ﬂuorophore: Based
on the above concept, Berg and co-workers measured the
collective solvation dynamics of water, ions and DNA parts
following TRFSS of base-stacked C102 as probe for the ﬁrst
time using TCSPC technique, which measured dynamics
from *100 ps to 30 ns (Brauns et al. 1999). They found that
the solvation correlation function (Eq. 8) follow bi-exponential decay of time components of 300 ps (47%) and 13 ns
(53%). This result showed for the ﬁrst time that the collective relaxation dynamics in DNA is much slower than that in
pure water (*1 ps) (Jimenez et al. 1994). However, the
question remained about the origin of such dynamics and
also the biological signiﬁcance of such slow solvation in
DNA. Shortly after this ﬁnding, they again measured TRFSS
of base-stacked C102 over three decades of time from *40
ps to 40 ns with improved time resolution of TCSPC technique (Brauns et al. 2002). They came up with an exciting
result showing that solvation in DNA follows logarithmic
relaxation from 40 ps to 40 ns instead of bi-exponential, as
seen in their previous work. Although incomplete, this study
indicated a complicated underlying solvent response in
DNA.
While the above studies looked at the dynamics in longer
time scales ([ 40 ps), around similar time Zewail and coworkers ﬁrst reported the solvation dynamics in DNA in
faster time scales by monitoring TRFSS of covalently
attached base-stacked 2-AP from 100 fs to 50 ps using ﬂuorescence UPC technique (Pal et al. 2003a, b). They found
solvation dynamics in DNA with two exponential time
constants of 1.5 ps and 11.6 ps, which they assigned to
dynamics of bulk water and weakly bound water molecules
to DNA, respectively. In another similar study by Ernsting
and co-workers used transient absorption (followed timedependent stimulated emission shift) to show that base-
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Fluorescent probes used for DNA solvation dynamics:
(a) non-covalently attached groove-bound and (b) covalently
attached base-stacked probes. Examples of (c) base-stacked and
(d) minor groove-bound probe structures. (e) Schematic of
solvation dynamics process in DNA where the excited probe
energy is stabilized by dynamic water, counterions and parts of
DNA which stay within *10–15 Å of probe-solute.

b Figure 5.

stacked HNF in DNA follow solvation dynamics with three
exponential time constants of 221 fs, 2.35 ps and 18.7 ps
(Dallmann et al. 2009).
Overall, the above studies showed that dynamics in DNA
sustain from 100 fs to 40 ns or may be more, which is quite
broad compared to those found in pure water and also in
proteins and lipids. Question remains about the biological
signiﬁcance of such long solvation dynamics in DNA. It has
been proposed that such slow dynamics can actually modulate fundamental chemical reactions involving DNA, such
as electron and hole transport along the DNA length (Genereux and Barton 2010; O’Neill and Barton 2004). In fact,
such collective slow nanosecond solvation dynamics of
water, ions and DNA can actually gate (modulate) the charge
transfer reaction from one site to another inside DNA.
Indeed, it has been shown by O’Neill and Barton that
freezing the diffusive DNA motions and surrounding water
and ions at 77 K, one can effectively stop the electron
transfer from one base to another distant base along the
length of DNA, showing the biochemical importance of such
slow dynamics in DNA (O’Neill and Barton 2004).
3.1.2 Dynamics probed by groove-bound ﬂuorophore: Ligands that non-covalently bind to DNA fall into two classes:
intercalators and groove binders. Intercalating molecules
such as ethidium bromide, quinacrine and daunomysine in
DNA have been explored widely (Graves and Velea 2000).
Groove binders, on the other hand, are a major class of noncovalently attached molecules to DNA that play a very
important role in drug development (Reddy et al. 1999).
Major and minor grooves of DNA exhibit different dimensions, steric properties, electrostatic potential, hydration,
environment polarity and hydrogen bonding properties
(Blackburn and Gait 1996). Hence, targeting these two
grooves require molecules of different shapes, sizes and
properties. Minor groove binders are usually crescent shaped
that complements the shape of the minor groove of DNA and
promotes their binding via electrostatic, van der Waals,
hydrophobic and hydrogen bonding (see ﬁgure 5a and d).
These ligands show greater binding afﬁnity and higher
sequence speciﬁcity. Most of the minor groove binders are
positively charged, which facilitates strong interaction with
the pockets of -AnTn- region of DNA (Larsen et al. 1989).
Minor groove formed by AT-rich sequences is narrow and
deeper as compared to GC-rich sequences, which allow the
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minor groove binders to bind tightly near AT region.
Netropsin, distamycin, DAPI and Hoechst 33258 are wellknown cationic molecules that have high binding afﬁnity
towards AT-rich minor grooves. Binding of such minor
groove ligands are driven by the critical balance of entropy
and enthalpy, leading to release or uptake of water molecules
and ions upon binding to the groove (Mukherjee 2011).
Minor groove-bound DAPI and Hoechst are utilized for
TRFSS studies in DNA. Zewail and co-workers investigated
DNA hydration dynamics in minor groove using Hoechst
33258 as probe by monitoring the TRFSS till 100 ps (Pal
et al. 2003a, b). Similar to base-stacked 2-AP, as discussed
earlier, they found that DNA hydration dynamics follow
‘bimodal’ behaviour with relaxation of two time constants,
1.4 ps (64%) and 19 ps (36%). Based on these observations
they suggested that solvation dynamics in DNA is independent of the base-stacked or groove-bound probes,
although they only studied the dynamics in faster timescale
till *100 ps (Pal et al. 2003a, b). This observation is indeed
important as it showed that even if there are large structural
rearrangements of water and ions in the minor grooves due
to binding of the ligand, which is assisted by entropic and
enthalpic balance, the faster dynamics remains similar when
probed by base-stacked and groove-bound ﬂuorophores.
This observation possibly suggests that the solvation
dynamics in \100 ps timescale is mainly controlled by
unperturbed fast water motions.
3.1.3 Power-law solvation dynamics in DNA: For long, all
the above results remained fragmented which reported the
DNA solvation dynamics in segments of timescales measured using different techniques and different probes (either
base-stacked or groove-bound). These studies mostly found
bi-exponential decay of solvation in duplex DNA. None of
these studies provided complete picture of full DNA
dynamics ranging from femtosecond to nanosecond timescale because a single technique could not capture such
broad time range of dynamics.
Berg and co-workers combined TRFSS of base-stacked
C102 in DNA from three different techniques, transient
absorption (TA), UPC and TCSPC, which mapped the
dynamics over six decades of time from 40 fs to 40 ns
(Andreatta et al. 2005; Andreatta et al. 2006). Their study
revealed that the solvation dynamics in DNA actually follow
a single power-law with exponent of 0.15 (i.e. C(t) * t-0.15)
covering the entire time range from 40 fs to 40 ns (ﬁgure 6).
This result was unique, which was not anticipated in any of
the previous studies. This study showed that dynamics in
DNA is dispersed, which does not show any exponential
relaxation as proposed earlier. The non-existence of any
distinct time component in the overall dynamics indicates
that the dynamics of water, ions and DNA parts that come
within *10–15 Å of probe-site are coupled together through
complex electrostatic interactions such that it leads to

Figure 6. Power-law solvation dynamics in DNA probed by
base-stacked Coumarin-102. Dynamic Stokes shift data from three
techniques, TA (red), UPC (green) and TCSPC (blue), are merged
to follow the ﬂuorescence Stokes shift from 40 fs to 40 ns. Line
through points shows power-law decay of exponent 0.15. Adapted
with permission from Ref. (Andreatta et al. 2005). Copyright
(2005) American Chemical Society.

dispersed power-law relaxation over many time decades. As
this result did not ﬁnd any speciﬁc exponential time constant, which could be assigned to speciﬁc motions of constituent molecules, it raised several questions concerning the
origin of power-law dynamics in DNA. This unique result
indicated that the DNA dynamics is much more complicated
to understand than what was anticipated earlier. Such
dynamics is substantially different in nature compared to the
exponential-type dynamics found in proteins and lipids.
3.1.4 Effect of minor groove binder on dispersed power-law
DNA dynamics: At this juncture, an important question is
posed: Do the solvation dynamics probed by a minor groovebound ligand differ from that probed by the base-stacked
ﬂuorophore, and if so then why? This is a valid question
because one would expect to see some direct correlation
between the structure and dynamics in the two DNA/probe
systems, despite the fact that Zewail and co-workers showed
earlier that in \100 ps the dynamics probed by both basestacked and groove-bound probes show similar bi-exponential dynamics (see Section 3.1.2). To ﬁnd the possible
structure–dynamics relationship, our group measured the
TRFSS of minor groove-bound DAPI in AT-rich DNA over
broad ﬁve decades in time from *100 fs to 10 ns by
combining spectral data from femtosecond UPC and
picosecond TCSPC techniques (Pal et al. 2010). The TRFSS
result was compared to the previous base-stacked C102 data
of Berg and co-workers (ﬁgure 7) (Andreatta et al. 2005).
This comparison of dynamics over broad time range showed
that the power-law dynamics is very similar within the initial
three decades from *100 fs to *100 ps, but the feature of
the dynamics deviates substantially after *100 ps, leading
to faster exponential dynamics for groove-bound DAPI in
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*100 ps, which otherwise continue in nanosecond time
scales in case of DNA with base-stacked probe that retains
the slow groove water and ions. Thus, it clearly shows that
there is direct structure–dynamics relationship in these
DNA/probe systems, which explains the possible role of
slow water and ion dynamics on ligand solvation inside
minor groove of DNA (ﬁgure 8). Similar is also expected to
happen when a protein binds to groove of DNA for biological functions.

Figure 7. (a) Comparison of (absolute) Stokes shift of DAPI in
14-mer Watson–Crick DNA and base-stacked Coumarin-102.
DAPI data (circles: red-UPC; blue-TCSPC) and Coumarin data
(green triangles). Solid lines are ﬁts to data with single power-law
(Coumarin-102 data) and power-law multiplied with bi-exponential
decay (DAPI data). (b) Comparison of solvation correlation
function CE(t) of groove-bound DAPI (circle) and base-stacked
Coumarin (triangle). The data are also compared to simulated
correlations (solid lines) reported by Hynes-Bagchi (Pal et al.
2006), Berg (Sen et al. 2009) and Corcelli (Furse and Corcelli
2008). Adapted with permission from Ref. (Pal et al. 2010).
Copyright (2010) American Chemical Society.

DNA minor groove. This study clearly showed that even
though the DNA dynamics measured by base-stacked and
groove-bound probes are similar (power-law, but not exponential) till *100 ps, there is substantial difference among
the dynamics in longer time scales (Pal et al. 2010).
What is the biological signiﬁcance of above result? As
noted in previous sections, non-covalent binding of minor
groove binders to DNA associates critical balance of entropy
and enthalpy contributions that ﬁnally deﬁne the binding
afﬁnity of the ligand to DNA. In turn, the binding of ligands
to minor groove associate the release or uptake of water and
ions from the groove, which disturb the structured spine-ofhydration inside the groove. In fact, X-ray crystallographic
study showed that water molecules are released from groove
upon binding of DAPI to AT-rich minor groove, leading to
favourable entropic contribution to the binding free energy
(Larsen et al. 1989). The above results can then suggest that
as the slowly moving tightly bound water molecules (and
ions) are displaced by DAPI upon binding to minor groove,
one sees a break in the slow power-law dynamics beyond

3.1.5 Molecular dynamics simulation in DNA: Much of the
current understanding about DNA solvation is obtained
from large-scale all-atom equilibrium MD simulation.
Analysis of MD trajectories can provide several structural
and dynamical information, e.g. root mean square deviation (RMSD), kinetic and potential energy and electrostatic interaction energy. Different models are developed
to calculate the long-range electrostatic interaction
potential energy. In MD simulation studies involving
DNA, either the electric ﬁeld interactions or the electrostatic interaction energy of a probe with its surrounding
charged/dipolar molecules is calculated. In one procedure,
the components of electric ﬁeld (E) from the surrounding
molecules along the direction of change in dipole moment
(dl) of the probe from its ground to excited state is calculated as (Sen et al. 2009)
EðtÞ ¼ E  dl

ð9Þ

Under this assumption, the ﬂuorescence frequency shift x(t)
with time in TRFSS experiment can be expressed as (Sen
et al. 2009)
xðtÞ ¼ x0 E  dl=
h

ð10Þ

In another procedure, the simple calculation of electrostatic
interaction energy is performed as pairwise Coulomb
interactions between point charges as (Pal et al. 2010)
!
NX
NX
probe
solvent
g=e
EðtÞ ¼
qi
qj =r
ð11aÞ
i¼1

j¼1

NX
probe

NX
solvent

or
EðtÞ ¼

i¼1

Dqi

!
qj =r

ð11bÞ

j¼1

In Eq. 11a, one considers interactions of either ground (g) or
excited (e) state atomic charges of the probe with
surrounding solvent atomic charges; however, it is also
proposed that the interactions of partial charge difference,
Dq (i.e. qexcited – qground) of the probe with surrounding
solvent charges can also be calculated (Eq. 11b).
The treatment of electrostatic energy, however, may
inﬂuence the time-dependent response calculated from MD
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simulation. Accurate calculation of the electrostatic potential
energy of a periodic system concerns the sum of Coulomb
energy of every atom along with energy of the periodic
image, and this costs huge computational memory. To
overcome this problem, several methods have been developed but particle mesh Ewald (PME) sum method is more
accepted and accurate one. Another alternative method is
called the damped shift force (DSF) method.64 DSF method
is a variation of simple pairwise Coulomb method. This
method makes both the Coulomb force and potential energy
smoothly to zero at the cut-off boundary, thereby eliminating
the discontinuities. Using DSF, time-dependent electrostatic
energy, E, can be calculated as (Furse and Corcelli 2008)

erfcðar Þ erfcðaRc Þ

r
Rc
i¼1
j¼1
 2 2 


erfcðaRc Þ 2a exp a Rc
þ
p
ﬃﬃﬃ
þ
ð
Þ
r
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p

E ðt Þ ¼

NX
probe

Dqi

NX
solvent

qj

ð12Þ

where interactions of partial charge difference, Dq (i.e.
qexcited – qground) of probe with surrounding species are
calculated. Finally, time correlation functions of
electrostatic energy–energy ﬂuctuations are generated as
(Pal et al. 2010)
CS ðtÞ ¼

dEð0ÞdEðtÞ
dEð0Þ2

ð13Þ

Here dE(t) = E(t) -\E[is the ﬂuctuation in the electrostatic
energy (or ﬁeld) of the probe with the surrounding
molecules.
Under linear response theory (Kubo 1966), non-equilibrium experimental solvation correlation function, CE(t),
becomes equivalent to the simulated solvation correlation
function, CS(t) as

CE ðtÞ ¼

mðtÞ  mð1Þ
 C s ðt Þ
mð0Þ  mð1Þ

ð14Þ

While it is difﬁcult to quantify the relative contributions of
motions of constituent molecules of biomolecular solution
from experiments, in silico MD simulation can provide
further quantitative knowledge of constituent molecular
motions as long as the overall dynamics measured in
TRFSS experiments matches with simulated dynamics as per
the linear response theory.
To understand the origin and nature of the slow dynamics
seen by Zewail and co-workers as well as Berg and coworkers in TRFSS studies, Hynes-Bagchi and co-workers
carried out 15 ns MD simulation on 38 base-pair duplex
DNA in presence of Na? counterions and water molecules
(Pal et al. 2010). Using each of the DNA bases (A, T, G, C)
as intrinsic probe, instead of base-stacked or groove-bound
probes as used in experimental studies, they calculated the
energy–energy time correlation functions (Eq. 13) for each
base to characterize the DNA solvation dynamics. They
found that the average solvation time correlation function
shows non-exponential decay with inertial fast component of
*60–80 fs, followed by two exponential time components
of *1 ps and 20–30 ps. These time constants were in close
agreement with experimental results of Zewail and coworkers who used the base-stacked 2-AP (Pal et al.
2010, 2003a, b). To get insights of the origin of observed
timescales, they decomposed the total solvation response
into auto- and cross-correlations of constituent molecules,
i.e. of water, ions and DNA (Pal et al. 2010). They found
that ultrafast time component of *100 fs is dominated
entirely by water molecules near the nucleotide. They also
found large negative cross-correlation between ion and water
that lasts for long times. Thus, the slow exponential
dynamics of 20–30 ps was interpreted to be arising from
coupled motion of water and ions near DNA bases.

Figure 8. Cartoon showing the structure–dynamics relationship in DNA. Minor groove binding of DAPI to DNA displaces most of slow
groove water and counterions – leading to deviation of dynamics from power-law to exponential type after *100 ps (red circles in graph).
Adapted with permission from Ref. (Pal et al. 2010). Copyright (2010) American Chemical Society.
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However, this study did not observe the dispersed power-law
dynamics in DNA as found in the experiments of Berg and
co-workers (Andreatta et al. 2005) primarily because of the
fact that this simulation was not long enough (15 ns).
Furse and Corcelli, on the other hand, used MD simulation to compare simulated solvation correlation with TRFSS
experimental results of Zewail and co-workers. They performed MD simulation of Hoechst bound to the minor
groove of Dickerson DNA, same as used in the experiment
by Zewail and co-workers, and calculated the response of
solvent around the Hoechst inside DNA (Furse et al. 2008).
Solvation correlation function (Eq. 13) within the time range
of 10 fs to 100 ps was ﬁtted with tri-exponential function. It
was observed that the relaxation times, 1.5 ps and 20 ps, are
in agreement with the experimental ﬁndings (1.4 and 19 ps)
(Pal et al. 2003a, b). Further, they calculated the solvation
response of individual components by decomposing the total
correlation function into its individual component following
linear response decomposition method, proposed by Nilson
and Halle (2005). Decomposition showed that water relaxation decays quickly with maximum contribution from ﬁrst
solvation shell of DNA. The total response comes from
materials within *10–12 Å. The DNA component decays
slowly and is accountable for the long time component of 20
ps, which mainly originates from the central AT region near
the probe-binding site (Furse et al. 2008). This result is not
in accordance with the interpretation of Zewail and coworkers, where they attributed the slow dynamics (19 ps) to
weakly bound water molecules near DNA (Pal et al.
2003a, b). Simulation of Furse and Corcelli could not
however observe slow power-law dynamics as seen by Berg
and co-workers (Andreatta et al. 2005) in TRFSS experiments, again because of short simulation (10 ns).
3.1.6 Origin of power-law dynamics in DNA: The powerlaw dynamics was not anticipated in any of the aforementioned simulation studies, as the emphasis of these simulation studies was on simulating experimental results till
*100 ps. Therefore, to provide a clearer interpretation about
the nature and origin of power-law dynamics in DNA in
longer times, Berg and co-workers along with us analysed 46
ns of equilibrium MD simulation trajectories of Dickerson
DNA obtained by Beveridge and co-workers (Sen et al.
2009). We used central adenine as a test probe to calculate
electric ﬁeld dynamics on this adenine, where the observed
dynamics of thermal ﬂuctuations are characterized by electric ﬁeld correlation function. The simulated solvation correlation function (Eq. 13) was then compared to TRFSS
experimental solvation dynamics result over broad time
range. Comparison of simulation data shows striking similarity of power-law dynamics as observed in TRFSS
experiment with base-stacked C102 (ﬁgure 9a) (Sen et al.
2009). To ﬁnd the complex aspects of the DNA dynamics,
the total response was decomposed into individual
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Figure 9. (a) Comparison of (absolute) dynamic Stokes shift of
base-stacked Coumarin-102 obtained from TRFSS experiment and
that obtained from MD simulation of native Dickerson DNA.
(b) Decomposition of simulated total (electric ﬁeld) correlation
function into individual components of water (blue – 90%), ion (red
– 6%) and DNA (green – 4%) using the polarization model. Fits
(solid) are as follows: power-law (water), an exponential decay
(ions) and stretched exponential decay (DNA). Adapted with
permission from Ref. (Sen et al. 2009). Copyright (2009) American
Chemical Society.

components using a new polarisation model (Sen et al.
2009). This model was used to eliminate the signal contribution that originates from strong cross-coupling among the
components (cross-correlations) to the total response, so that
the dynamic nature and the contribution from individual
components (auto-correlations of intrinsic components) can
be predicted independently (ﬁgure 9b). We found that under
polarization decomposition method, water contribution to
TRFSS response of probe is the maximum of *90% that
governs the power-law dynamics in all times. The contribution from counterions (Na?) was small (*6% of total)
and relaxes with an exponential time constant of *200 ps,
whereas contribution of DNA dynamics to the total signal is
minor (*4%) with a stretched exponential relaxation of 30
ps. We also found that the overall electrostatic interaction is
originating from those water, ions and DNA parts that come
within *15 Å of the probe site.
What is the biochemical signiﬁcance of such dispersed
power-law (hydration) dynamics in DNA? The structured
water in the groves of DNA (Drew and Dickerson 1981;
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Denisov et al. 1997), especially the spine-of-hydration
(McDermott et al. 2017), is supposed to be slow as they
remain strongly bound to the ﬂoor of the groove. The present
result thus indicate that possibly the structured tightly bound
water, perturbed by the DNA parts, are indeed slow which
do not follow any speciﬁc time constant of relaxation, rather
the hydration dynamics in the DNA grooves are dispersed.
Importantly, the ion dynamics show exponential dynamics
that is also slow. Thus, one would expect to observe some
tightly bound long-lived ions also inside the groove of DNA,
which is actually the fact realized from other MD simulation
studies (Ponomarev et al. 2004). Substates in DNA have
been seen in structural measurements obtained from previous simulations (Beveridge et al. 2004; Trieb et al. 2004).
Based on such observation, such substates were hypothesized to explain the charge-transfer reaction in DNA (Genereux and Barton 2010; Barnett et al. 2001). However, our
study did not ﬁnd such evidence for distinct DNA substates
in the dynamics that can control the charge transfer, rather
the dispersed hydration dynamics may actually suggest that
the charge transfer is modulated in different ways in DNA.
These results indicate that DNA substates can be deﬁned on
a structural basis, but such substates may differ in the nature
of their electrostatic dynamics.

3.2 Counterion-dependent solvation dynamics in DNA:
Effect of minor groove binder
Presence of negatively charged phosphate groups makes
DNA a highly charged anionic species. Therefore, as physiological condition DNA gets stabilized by positively
charged counterions and dipolar water for its biological
function. These mobile counterions in condensation layer of
DNA partially compensate the DNA charge, which accounts
for *75% of the total DNA charge within a region of *10
Å (Manning and Ray 1998). Counterions can induce complex formation through aggregation of DNA. They can also
bind to the DNA groove, along with the water, inﬂuencing
the conformation and groove width of DNA (Ponomarev
et al. 2004). Several efforts have been devoted to explore the
biological signiﬁcance of ion interactions in DNA–protein
complexes, DNA structure, and in binding of small molecules to DNA. However, the knowledge of how dynamics of
counterions in the condensation layer changes upon interaction of DNA with protein and small molecules is limited.
Previous section showed that in native DNA slow counterion
motions contribute to the total solvation response. Thus, one
would expect to see some size-dependent effect of counterion dynamics and ligand binding to minor groove of DNA.
The inﬂuence of counterions on DNA solvation dynamics
was probed by base-stacked and groove-bound ligands.
TRFSS of base-stacked C102 in DNA in presence of nine
different monovalent counterions (Li?, Na?, K?, Rb?, Cs?,

?
?
NH4?, N(CH3)?
4 , N(C2H5)4 , and N(C4H9)4 ) of different
hydrodynamic radii were measured from *40 ps to 40 ns by
Sen et al (Sen et al. 2006). Base-stacked probe, which is
covalently attached to sugar of DNA, mostly retains the
distribution of ions in the vicinity of the probe. Therefore
such probe can sense the difference in size-dependent
counterion motions. Indeed, it was observed that the counterions with smaller hydrodynamic radii show almost identical power-law type dynamics, whereas larger ions (Li? and
tetraalkylammonium ions) show an extra exponential
relaxation in longer times in addition to the underlying
power-law dynamics. The ion-dependent exponential time
constants were directly correlated with the free diffusion
rates of the counterions of different sizes (Sen et al. 2006).
Our group performed the TRFSS study of groove-bound
DAPI in minor groove of DNA in presence of three different
counterions (Na?, Rb? and TBA?). The effects on dynamics
in the presence of these three counterions were found to be
appreciable in case of base-stacked C102. We, however,
observed nearly identical solvation dynamics in case of all
three ions over broad time range from *100 fs to 10 ns
when probed by the minor groove-bound DAPI (Verma et al.
2012). These data were directly compared to those obtained
for base-stacked C102 for same three counterions (ﬁgure 10). We found no effect of ion size on the nanosecond
dynamics when probed by groove-bound DAPI as compared
to dynamics measured using base-stacked C102. Very
recently, Samanta and co-workers looked at the TRFSS of
groove-bound DAPI to calf thymus DNA (ct-DNA) from
100 fs to 10 ns in presence of monovalent Na? as well as
divalent Mg2? and Ca2?, and found identical dynamics over
entire time range, similar as observed earlier in our study
using DAPI in small 14-mer oligonucleotide (Paul et al.
2017).
The above results clearly reveal that counterions are displaced, along with water, from the groove of DNA by the
DAPI binding, leading to large entropic contribution to the
binding free energy. Because DAPI is di-cationic, it is
expected that it will not allow the positive counterions to
come near the DAPI. Thus, one would not expect to observe
the effect of ion motions in the solvation of DAPI inside
minor grooves of DNA. Above results prove this hypothesis.
These results are consistent with the discussion made in
previous section, which suggests that both water and ions in
the DNA groove show slow solvation and those slow water
and ions are largely displaced by the minor groove binders
(see ﬁgure 10 - upper panel). However, it is still not known
whether ions at very high concentrations (C 1 M) can affect
such dynamics or not. These data also suggest that the
measured dynamics can be modiﬁed depending upon the
speciﬁc position of the probe inside DNA, which may regulate the extent of access the probe towards the surrounding
motional water and ions. The same situation can arise in case
of protein binding to DNA, which can also redistribute the

Water and ions around DNA

Figure 10. Cartoon representing the phenomenon of displacement of different counterions, along with water, from the minor
groove of DNA by the binding of DAPI. The slow counterions can
access DNA grooves when there is no groove binder, and the
dynamics of local environment in DNA is probed a base-stacked
ﬂuorophore, which becomes a part of DNA itself. This picture
directly corresponds to observed solvation responses probed by
DAPI and Coumarin-102, where DAPI does not sense the sizedependent counterion motions but Coumarin-102 can. Adapted
with permission from Ref. (Verma et al. 2012). Copyright (2012)
American Chemical Society.

slow groove water and ions to stabilize the DNA–protein
complex with favourable entropic and enthalpic balance. In
fact, it is hypothesized that counterions can induce localized
DNA bending (Rouzina and Bloomﬁeld 1998), and also that
the DNA–protein complex formation and subsequent biological function (e.g. base excision repair by human APendonuclease) is critically impacted by the speciﬁc positioning of ions within the DNA–protein complex (Mol et al.
2000).

3.3

Base-sequence-dependent dynamics in DNA

Major and minor grooves of DNA are fully hydrated, which
associate the polar/charged parts of DNA (bases and backbone) (Drew and Dickerson 1981; Denisov et al. 1997;
Subramanian et al. 1988; McDermott et al. 2017). The
arrangement of water molecules in such grooves depends
strongly on the sequence of DNA. In fact, it is known that
ordering of water in major and minor grooves differ
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substantially owing to the base-sequences that form the
grooves (Jana et al. 2010). Both the grooves are hydrated in
a complex manner, including prominent chiral spine-of-hydration in the minor groove (McDermott et al. 2017). The
hydration and ion environments are found to be generally
dependent on the sequence. It is believed that base-sequence-dependent water dynamics can act as a ‘hydration
ﬁngerprint’ for a particular sequence of DNA that allows
rapid recognition of the DNA sequence by protein. Binding
of protein to DNA is sequence dependent, which mainly
involves the hydration extending to the edge of the grooves
to slide through the DNA chain (Oguey et al. 2010). Once
the protein encounter speciﬁc sites, it binds to DNA by
releasing the bound water in order to compensate the
entropic cost for its binding (Spolar and Record 1994). Thus,
base-sequence-dependent groove width, groove geometry,
hydration and dynamics of DNA are vital for many biological processes.
Binding of ligands (such as drugs) at the binding site of
DNA is also base-sequence dependent (Breusegem et al.
2002). Ligand promotes its binding via electrostatic, van der
Waals, hydrophobic and hydrogen bonding. These ligands
show greater binding afﬁnity and higher sequence speciﬁcity: Minor groove formed by AT-rich sequences is narrow
and deeper as compared to GC-rich sequences which allow
the minor groove binders to bind near AT region with greater
selectivity. Interestingly, the binding afﬁnity and conﬁguration of ligands in the minor groove created by varying AT- or
TA-rich sequences is found to be different, which also shows
alteration of groove widths upon binding of ligands. In fact,
modifying a single base-pair around AT region of minor
groove profoundly inﬂuences and alters the binding afﬁnity
and mode of ligands (such as DAPI and Hoechst) (Breusegem et al. 2002).
As discussed in the preceding sections, a large number of
studies looked at the DNA dynamics probed by groovebound and base-stacked ﬂuorophores. However, none of the
studies has speciﬁcally looked at the ligand solvation inside
the minor groove of DNA formed by varying AT- and TArich sequences to ﬁnd whether local base-sequence can alter
the hydration and ion dynamics through modulation of basedependent DNA motions. In an attempt to explore the
sequence-dependent solvation dynamics of a minor groove
binder (DAPI), our group investigated the TRFSS of DAPI
over a broad range of time from 100 fs to 10 ns in minor
groove created by four different AT/TA-rich central
sequences (Verma et al. 2015). These sequences differ near
the binding site of DAPI: -AATTG-, -TTAAG-,
-TTAAC- and -AATTC-. We found that the Stokes shift
dynamics of groove-bound DAPI in the three sequences
(-AATTG-, -TTAAG- and -AATTC-) follow a similar
feature of a power-law multiplied with sum-of-two exponentials, whereas changing the sequence from -TTAAGto -TTAAC- inﬂuences the dynamics signiﬁcantly such
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Figure 11. Comparison of solvation correlation functions of
DAPI from 100 fs to 10 ns in DNA minor-grooves formed by
four different AT/TA-rich sequences. Plots show sequence-dependent dynamics that follow a single power-law or a power-law
multiplied with sum-of-two exponentials. Adapted with permission
from Ref. (Verma et al. 2015). Copyright (2015) American
Chemical Society.

that it follows a single power-law over ﬁve decades of time
from *100 fs to 10 ns in case of DAPI bound to
-TTAAC- (ﬁgure 11). These data indicate that dynamics
of the perturbed water molecules near the ligand-binding
sites, coupled to the local DNA motion, can be a possible
reason for the divergence seen in the dynamics among
sequences. We believe TnAn-tract with ﬂanking C possibly
accommodate larger slow water and/or possess slower local
DNA motions, which lead to dispersed single power-law
dynamics. Certainly, rigorous MD simulations and structural
data on these systems are needed to ﬁnd the actual structure–
dynamics relationship. Thus, the (hydration) dynamics is
found to be strongly dependent on even a single base-pair
change in the minor groove of DNA. While this ﬁnding
showed the sequence-dependent solvation of ligands inside
AT/TA-rich minor grooves of DNA, the same has signiﬁcant
repercussions in sequence-dependent binding of protein to
DNA (Oguey et al. 2010), for example, speciﬁc binding of
TATA-box binding protein to that sequence in DNA.

3.4 Effect of base-pair mismatch on minor groove
solvation in DNA: Role of water on mismatch
recognition
Base mismatch in DNA is a type of DNA damage (or defect)
in which two non-complementary bases are paired within the
stacks of normal Watson–Crick base pairs of duplex DNA
(Modrich 1987). These DNA mismatches disturb the genomic stability, thus they get repaired by mismatch repair
enzymes post replication. MutS in Escherichia coli (and
homologous MutSa proteins in humans) plays an important
role in the ﬁrst step of such DNA mismatch recognition and
trigger the subsequent repair of the mismatch (Kunkel and
Erie 2005). Earlier studies showed that these mismatches
induce local structural changes in DNA double helix, which

are different for different types of mismatches (Rossetti et al.
2015; Bhattacharya et al. 2002). It has been hypothesized
that such local structural changes at mismatch sites may
provide the signal to repair enzymes for mismatch recognition and the subsequent repair (Modrich 1987). However, it
is expected that such structural changes would associate with
different dynamics for different mismatched bases, which in
turn can affect the local surrounding ion and water structure
as well as their dynamics. In fact, recent proposal has been
made based on simulation studies that mismatched bases
induce signiﬁcant alteration in the surrounding ion environment and hydration structure, such that the signal transfer
from mismatch site to the repair protein possibly occurs
through-space involving the surrounding motional water and
counterions (Rossetti et al. 2015). Thus, one hypothesis is
that repair enzymes sense the changes of local collective
dynamics of water, counterions and DNA parts (primarily
electrostatic), rather than only the structural changes during
the recognition of the mismatches.
Very recently, our group has tested this hypothesis by
monitoring the TRFSS of two minor groove binders,
Hoechst 33258 and DAPI, near a TT mismatch base pair in
the AT-rich minor groove of DNA. We compared the TRFSS
results with the dynamics measured by same ligands in the
minor groove of normal DNA over ﬁve decades of time from
100 fs to 10 ns (Shweta et al. 2017). Results showed that the
Hoechst and DAPI depict different solvation dynamics in the
minor groove of normal DNA. However, the most interesting results was that we found introduction of TT mismatch
in the minor groove gives rise to very similar solvation
dynamics probed by both DAPI and Hoechst, which follow a
single power-law relaxation (with exponent *0.23–0.24)
over entire ﬁve decades of time from *100 fs to 10 ns
(ﬁgure 12). These results suggest that incorporation of single
base mismatch induces unique coupled power-law dynamics
in the minor groove containing TT mismatch.
What is the biological importance of single power-law
solvation dynamics in TT mismatch containing minor
groove DNA? In line with the discussions made in previous
sections, we believe that the collective solvation dynamics of
water, ions and DNA parts that reside within *10–15 A
from probe-site, i.e. those parts near the mismatch site, act as
cue for the mismatch recognition of enzymes, rather than
only the structural dynamics of TT site (ﬁgure 13). In fact, it
would be rather difﬁcult for the repair enzyme to selectively
sense the mismatch site dynamics because such signal is
very low in strength and there lies strong electrostatic coupling among the surrounding water, ions and DNA parts,
including the mismatch base-pair. However, it is expected
that larger ﬂuctuations of mismatched base-pairs would
perturb nearby water and counterions stronger. Such differential effects on surrounding environment by different types
of mismatched base-pairs are likely to act as cues for the
differential mismatch recognition by repair enzymes. Thus,
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explaining the possible mechanism of DNA mismatch
recognition by enzymes.
The single power-law solvation found in TT-DNA suggests that the probes do not sense any particular exponential
time component speciﬁc to TT wobbling and/or their intraand extra-helical motions. Instead, it may be the case that
local hydration dynamics plays vital role to deﬁne the dispersed collective dynamics, where ion contribution remains
to be small. This could be the reason why TT mismatch
recognition by repair enzymes is less efﬁcient compared to
purine–pyrimidine mismatches (such as GT) (Modrich
1987; Brown et al. 2001). Certainly, further extensive
studies in similar line with all other base-mismatches are
needed for further conﬁrming the proposed hypothesis.

4. Power-law solvation dynamics in G-quadruplex DNA

Figure 12. Comparison of solvation correlation functions of
DAPI and Hoechst in normal- and TT-DNA from 100 fs to 10
ns in DNA. Both probes show faster power-law dynamics in TTDNA suggesting the unique TT- effect on the dynamics. Adapted
with permission from Ref. (Shweta et al. 2017). Copyright (2017)
American Chemical Society.

Figure 13. A representative cartoon showing the possible way of
communication between mismatched site/region in DNA and the
repair enzyme through recognition of the collective dynamics of
water, DNA parts and counterions prior to physically binding to the
mismatched site inside DNA. Adapted with permission from Ref.
(Shweta et al. 2017). Copyright (2017) American Chemical
Society.

we believe the effect of water and counterion dynamics in
and around the mismatch site cannot be neglected when

Although the dynamics of solvation and other dynamic
processes are well explored in Watson–Crick duplex DNA,
dynamic studies in non-canonical higher-order DNA structures such as quadruplex DNA are very limited. The higherorder G-quadruplex DNA structures were shown to play
important roles in the telomere maintenance and cancer,
transcription and translation regulation, and as potent ligand
(drug) targets (Balasubramanian et al. 2011; Majhi and
Bhattacharyya 2014). Most importantly, G-quadruplex DNA
are found to possess high structural diversity with various
topologies in solution based on ion environment and/or
induced by small molecules, and that the structural polymorphism is drastically induced by local hydration/solvation
state (Miller et al. 2010). These G-quadruplex structures are
not only formed in vitro, but also in human cells (Bifﬁ et al.
2013). Hence, understanding the nature of dynamics of
water and ion near the reaction centre of ligand–GqDNA
complex is important because such knowledge may serve as
important inputs for developing efﬁcient ligands for
GqDNA. From biophysical point of view, it is more
important to understand whether dispersed power-law solvation dynamics seen in Watson–Crick duplex B-DNA also
prevails in higher-order G-quadruplex DNA or not, and also
which component controls such dispersed dynamics.
To address these issues, for the ﬁrst time, our group
interrogated the dynamic Stokes shifts of DAPI in (antiparallel) G-quadruplex DNA (GqDNA) through direct comparison of TRFSS experiments to MD simulation, and also
to the previous TRFSS data of DAPI in duplex DNA (ﬁgure 14a) (Pal et al. 2015). It has been found that the ligand
solvation in GqDNA shows power-law relaxation of exponent 0.16, very similar to duplex DNA, added with fast
exponential relaxation (2 ps), from *100 fs to 10 ns.
Although TRFSS experiments showed dispersed dynamics
in GqDNA, it was very difﬁcult to assign such dynamics to
components of DNA solution from only experiment,
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Figure 14. (a) Simulation snapshot showing water molecules in
ﬁrst (red and cyan) and second shell (black) water around DAPI.
Part of DNA that contributes to DNA motions is shown as
molecular surface. (b) Comparison of ‘‘‘absolute’ Stokes shifts of
DAPI in GqDNA obtained from TRFSS experiment and simulation. (c) Linear response decomposition of total simulated correlation (black) into water (blue), DNA (green), and ion (red)
correlations. Adapted with permission from Ref. (Pal et al. 2015).
Copyright (2015) American Chemical Society.

although D2O effect showed retarded solvation in line with
heavy atom effect (Pal et al. 2015).
To explain and quantify the dispersed solvation dynamics
in GqDNA, all-atom MD simulation of 65 ns was performed
on docked DAPI/antiparallel GqDNA system. The TRFSS
result was then directly compared to the simulated Stokes
shift dynamics to explain the complex dynamics in GqDNA
(ﬁgure 14b). Comparison showed excellent agreement of
simulation with experimental result. Subsequently, using
linear response decomposition method, as proposed by
Nilson and Halle (Nilson and Halle 2005), we calculated the

relative contributions of dynamic water, ions and DNA parts
to the total power-law solvation dynamics (ﬁgure 14c). Such
decomposition showed that motion of water molecules
mainly governs the faster (2 ps) exponential relaxation,
while both water and DNA motions contribute equally to the
slow power-law dynamics in [ 10 ps. Contribution from
ions was found to be insigniﬁcant. Further analysis of MD
trajectories unfolded the broadly distributed residence time
and sublinear mean-square displacements (MSDs) of water
molecules near the antiparallel GqDNA. This result can be
explained as that perturbed water molecules have different
trapping times (rates - ki’s) on a rugged interaction potential
surface created by the charged GqDNA. Thus, the slow and
dispersed solvation dynamics can originate from the subdiffusive motions and distributions of exchange rates (ki’s)
of perturbed water near the GqDNA (Pal et at. 2015). A
cartoon depicting the situation of the water motions on the
rugged potential surface is shown in ﬁgure 15.
Furthermore, to understand how such dynamics depend
on the structures of GqDNA and ligands as well as on the
binding modes and positions of ligands in quadruplex DNA.
Our group also measured solvation dynamics in parallel
GqDNA using by Hoechst as probe from 100 fs to 10 ns
(Singh et al. 2016). Comparing the dynamics probed by
Hoechst in parallel and by DAPI in antiparallel GqDNA, it
was found that the both ligand/GqDNA complexes show
solvation dynamics that follow a power-law relaxation with
only small difference between them (power-law exponent of
0.16 for DAPI/antiparallel and 0.06 for Hoechst/parallel
GqDNA). We also performed 50 ns MD simulation using
docked Hoechst in parallel GqDNA, which showed that
Hoechst binds to the outer G-tetrads through p-stacking to
the parallel GqDNA, compared to DAPI binding in the
groove of antiparallel GqDNA. These results revealed that
dynamics in quadruplex DNA remain similar irrespective of
probes’ position and mode of binding in different GqDNA
structures.
These results on GqDNA showed that different quadruplex structures show similar dynamics of solvation irrespective of probe-positions (groove-bound vs. end-stacked).
It may perhaps specify that in different quadruplex structures
the site-speciﬁc characteristics of DNA hydration are not
altered much, which ultimately gets revealed in the Stokes
shifts dynamics of different ligands that are bound to different quadruplex structures and at different positions.
What is the biological signiﬁcance of above results? New
quadruplex targeting ligands (drugs) are synthesized often.
However, to target any DNA structure with suitable drugs
and understand their subsequent biological function, one
would require detailed knowledge of local solvation around
such drugs inside DNA. The above results provided a
detailed picture ligand solvation inside GqDNA by directly
comparing of experiment to simulation. Results showed that
hydration dynamics is vital for stabilization of ligands inside
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Figure 15. Schematic representation depicting the situation of perturbed water molecules on a rugged potential surface near GqDNA.
Water with broad distribution of residence times can have different trapping times at local minima and thus different exchange rates (ki’s)
between minima on the potential surface. Such distributions of exchange of sub-diffusive water can ultimately lead to the observed
dispersed (power-law) solvation dynamics in GqDNA.

GqDNA. Water retardation near active site of protein was
found to assist the enzyme–substrate interactions (Grossman
et al. 2011). Also, water dynamics was shown to play vital
role in protein folding (Kim et al. 2008) and ligand binding
to DNA (Mukherjee et al. 2008). The dispersed hydration
dynamics near DNA can have important biological functions
in controlling the interactions of charged/dipolar molecules
with the DNA. The slow hydration on a rugged potential
surface near GqDNA may actually act as the vital medium to
capture the (charged/dipolar) ligands from bulk and stabilizing them inside DNA by allowing proper thermodynamic
stabilization. In fact, the dynamics of water uptake/release
upon drug binding to DNA was found to be vital, a process
that was shown to occur on a complex free energy surface
(Mukherjee et al. 2008). The perturbed hydration dynamics
around DNA may have direct inﬂuence on deﬁning such
complex free energy landscape of drug–DNA interactions.

5. Summary and future outlook
While it is obvious that DNA structures are the key to their
biological functions, we hope by now the reader is convinced that many of such functions are intricately controlled
by the complex dynamics of hydrating water and ions inand-around DNA of different structures. We showed that
such hydration and ion environment and their dynamics can
be modulated by several factors that have direct role in

biochemical functions of DNA. In particular, we showed
that:
–

–

–

–

–

Dynamics of water and ions around DNA are indeed
special that show dispersed power-law dynamics, which
is rather different from that found in proteins (Yang et al.
2017; Qin et al. 2016).
The slow water and ion dynamics in the minor groove of
duplex DNA are severely affected by binding of ligands,
which displace most of slow water and ions from the
groove.
There is large variation on sequence-dependent solvation
in the minor groove of duplex DNA, which may provide
clue for understanding the protein and drug binding to
speciﬁc DNA sequence.
Dispersed hydration dynamics, coupled with local DNA
motions, near mismatched base-pair may actually control
the signal transfer to the repair enzymes for the
mismatch repair mechanism.
Dispersed power-law dynamics found in canonical
duplex DNA is persistent also in higher-order noncanonical G-quadruplex DNA structures.

While it is speculated that the observed dispersed
dynamics in DNA may have vital implications in fundamental biochemical reactions (e.g. charge transfer), the indepth understanding of its role in various DNA functions is
still awaited. Many studies in this direction are needed. The
present paper, however, discussed several important aspects
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of such dynamics and their possible role in fundamental
DNA functions, especially in the interactions of DNA with
ligands and proteins.
Nonetheless, there are several important questions that
remain unexplored:
How far the dynamics measured in small DNA-oligomer in dilute aqueous solution retain its character in
DNA embedded inside crowded biological cells?
What are the speciﬁc roles of water and ion dynamics
on the DNA-repair mechanism and other DNA–protein
interactions?
What is the origin of base-sequence speciﬁc dynamics
in DNA?
More importantly, is the dispersed hydration dynamics
also prevalent in various structures of RNA?
If so, do slow water (and ion) dynamics control transcription process?
We believe the combination of TRFSS experiments and
large-scale MD simulation studies will help answer these
questions to a large extent, unfolding the fundamental
insights of complex biological functions involving DNA and
RNA in the years to come.
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Dallmann A, Pfaffe M, Mügge C, Mahrwald R, Kovalenko SA and
Ernsting NP 2009 Local thz time domain spectroscopy of duplex
DNA via ﬂuorescence of an embedded probe. J. Phys. Chem. B
113 15619–15628
Denisov VP and Halle B 1996 Protein hydration dynamics in
aqueous solution. Farad Discuss 103 227–244
Denisov VP, Carlström G, Venu K and Halle B 1997 Kinetics of
DNA hydration. J. Mol. Biol. 268 118-136
Drew HR and Dickerson RE 1981 Structure of a B-DNA
dodecamer. III. Geometry of hydration. J. Mol. Biol. 151
535–556
Furse KE, Lindquist BA and Corcelli SA 2008 Solvation dynamics
of Hoechst 33258 in water: an equilibrium and nonequilibrium
molecular dynamics study. J. Phys. Chem. B 112 3231–3239
Furse KE and Corcelli SA 2008 The dynamics of water at DNA
interfaces: computational studies of Hoechst 33258 bound to
DNA. J. Am. Chem. Soc. 130 13103–13109
Genereux JC and Barton JK 2010 Mechanisms for DNA charge
transport. Chem. Rev. 110 1642–1662
Gerstein M and Levitt M 1998 Simulating water and the molecules
of life. Sci. Am. 279 100–105
Graves DE and Velea LM 2000 Intercalative binding of small
molecules to nucleic acids. Curr. Org. Chem. 4 915–929

Water and ions around DNA
Grossman M, Born B, Heyden M, Tworowski D, Fields GB, Sagi I
and Havenith M 2011 Correlated structural kinetics and retarded
solvent dynamics at the metalloprotease active site. Nat. Struct.
Mol. Biol. 18 1102–1108
Haldar S, Chaudhuri A and Chattopadhyay A 2011 Organization
and dynamics of membrane probes and proteins utilizing the red
edge excitation shift. J. Phys. Chem. B 115 5693–5706
Halle B and Nilsson L 2009 Does the dynamic Stokes shift report on
slow protein hydration dynamics? J. Phys. Chem. B 113 8210–8213
Jacobi J 1979 Paracelsus: selected writings (Princeton University
Press)
Jana B, Pal S and Bagchi B 2010 Enhanced tetrahedral ordering of
water molecules in AT minor grooves of DNA: relative role of
DNA rigidity, nanoconﬁnement and surface speciﬁc interactions.
J. Phys. Chem. B 114 3633–3638
Jayaram B and Jain T 2004 The role of water in protein–DNA
recognition. Annu. Rev. Biophys. Biomol. Struct. 33 343–361
Jimenez R, Fleming GR, Kumar PV and Maroncelli M 1994
Femtosecond solvation dynamics of water. Nature 369 471–473
Jungwrith P 2015 Biological water or rather water in biology? J.
Phys. Chem. Lett. 6 2449–2451
Kim SJ, Born B, Havenith M and Gruebele M 2008 Real-time
detection of protein-water dynamics upon protein folding by
terahertz absorption spectroscopy. Angew. Chem. Int. Ed. 47
6486–6489
Kubo R 1966 The ﬂuctuation-dissipation theorem. Rep. Prog. Phys.
29 255–284
Kunkel TA and Erie DA 2005 DNA mismatch repair. Annu. Rev.
Biochem. 74 681–710
Laage D, Elsaesser T and Hynes JT 2017 Water dynamics in the
hydration shells of biomolecules. Chem. Rev. 117
10694–10725
Larsen TA, Goodsell DS, Cascio D, Grzeskowiak K and Dickerson
RE 1989 The structure of DAPI bound to DNA. J. Biomol.
Struct. Dyn. 7 477–491
Majhi B and Bhattacharyya S 2014 Advances in the molecular
design of potential anticancer agents via targeting of human
telomeric DNA. Chem. Commun. 50 6422–6438
Manning GS and Ray J 1998 Counterion condensation revisited. J.
Biomol. Struct. Dyn. 16 461–476
Maroncelli M and Fleming GR 1988 Computer simulation of the
dynamics of aqueous solvation; J. Chem. Phys. 89 5044–5069
McDermott ML, Vanselous H, Corcelli SA and Petersen PB 2017
DNA’s chiral spine of hydration. ACS Cent. Sci. 3 708–714
Miller MC, Buscaglia R, Chaires JB, Lane AN and Trent JO 2010
Hydration is a major determinant of the g-quadruplex stability
and conformation of the human telomere 3’ sequence of
d(AG3(TTAG3)3). J. Am. Chem. Soc. 132 17105–17107
Modrich P 1987 DNA mismatch correction. Annu. Rev. Biochem.
56 435–466
Mol CD, Izumi T, Mitra S and Tainer JA 2000 DNA-bound
structures and mutants reveal abasic DNA binding by APE1
DNA repair and coordination. Nature 403 451–456
Mondal S, Mukherjee S and Bagchi B 2017 Protein hydration
dynamics: much ado about nothing? J. Phys. Chem. Lett. 8
4878–4882
Mukherjee A, Lavery R, Bagchi B and Hynes JT 2008 On the
molecular mechanism of drug intercalation onto DNA: a

517

simulation study of the intercalation pathway, free energy, and
DNA structural changes. J. Am. Chem. Soc. 130 9747–9755
Mukherjee A 2011 Entropy balance in the intercalation process of
an anti-cancer drug daunomycin. J. Phys. Chem. Lett. 2
3021–3026
Nilson L and Halle B 2005 Molecular origin of time-dependent
ﬂuorescence shifts in proteins. Proc. Natl. Acad. Sci. USA 102
13867–13872
Oglivie JP, Plazanet M, Dadusc G and Miller RJD 2002 Dynamics
of ligand escape in myoglobin: Q-band transient absorption and
four-wave mixing studies. J. Phys. Chem. B 106 10460–10467
Oguey C, Foloppe N and Hartmann B 2010 Understanding the
sequence-dependence of DNA groove dimensions: implications
for DNA interactions. PLoS ONE 5 e15931(1–8)
O’Neill MA and Barton JK 2004 DNA-mediated charge transport
requires conformational motion of the DNA bases: elimination
of charge transport in rigid Glasses at 77 K. J. Am. Chem. Soc.
126 13234–13235
Pal N, Verma SD and Sen S 2010 Probe position dependence of DNA
dynamics: comparison of the time-resolved shift of groove-bound
to base-stacked probes. J. Am. Chem. Soc. 132 9277–9279
Pal N, Shweta H, Singh MK, Verma SD and Sen S 2015 PowerLaw solvation dynamics in G-quadruplex DNA: role of
hydration dynamics on ligand solvation inside DNA. J. Phys.
Chem. Lett. 6 1754–1760
Pal SK, Zhao L and Zewail AH 2003 Water at DNA surfaces:
ultrafast dynamics in minor groove recognition. Proc. Natl.
Acad. Sci. USA 100 8113–8118
Pal SK, Zhao L, Xia T and Zewail AH 2003 Site- and sequenceselective ultrafast hydration of DNA. Proc. Natl. Acad. Sci. USA
100 13746–13751
Pal S, Maiti PK, Bagchi B and Hynes JT 2006 Multiple time scales
in solvation dynamics of DNA in aqueous solution: the role of
water, counterions, and cross-correlations. J. Phys. Chem. B 110
26396–26402
Papoian GA, Ulander J and Wolynes PG 2003 Role of water
mediated interactions in protein–protein recognition landscapes.
J. Am. Chem. Soc. 125 9170–9178
Passino SA, Nagasawa Y, Joo T and Fleming GR 1997 Three-pulse
echo peak shift studies of polar solvation dynamics. J. Phys.
Chem. A 101 725–731
Paul S, Ahmed T and Samanta A 2017 Inﬂuence of divalent
counterions on the dynamics in DNA as probed by using a
minor-groove binder. Chem. Phys. Chem. 18 2058–2064
Ponomarev SY, Thayer KM and Beveridge DL 2004 Ion Motions
in molecular dynamics simulations on DNA. Proc. Natl. Acad.
Sci. USA 101 14771–14775
Qin Y, Wang L and Zhong D 2016 Dynamics and mechanism of
ultrafast water–protein interactions. Proc. Natl. Acad. Sci. USA
113 8424–8429
Rasmussen BF, Stock AM, Ringe D and Petsko GA 1992
Crystalline ribonuclease a loses function below the dynamical
transition at 220 K. Nature 357 423 – 424
Reddy PBS, Sondhi SM and Lown JW 1999 Synthetic DNA minor
groove-binding drugs. Pharmacol. Ther. 84 1–111
Robinson CR and Sligar SG 1993 Molecular recognition mediated
by bound water: a mechanism for star activity of the restriction
endonuclease EcoRI. J. Mol. Biol. 234 302–306

518

H Shweta and S Sen

Rossetti G, Dans PD, Gomez PI, Ivani I, Gonzalez C and Orozco M
2015 The structural impact of DNA mismatches. Nucleic Acids
Res. 43 4309–4321
Rothschild LJ and Mancinelli RL 2001 Life in extreme environments. Nature 409 1092–1101
Rouzina I and Bloomﬁeld VA 1998 DNA bending by small, mobile
multivalent cations. Biophys. J. 74 3152–3164
Saenger W, Hunter WN and Kennard O 1986 DNA conformation is
determined by economics in the hydration of phosphate groups.
Nature 324 385–388
Saif B, Mohr RK, Montrose CJ and Litovitz TA 1991 On the
mechanism of dielectric relaxation in aqueous DNA solutions.
Biopolymers 31 1171–1180
Sen S, Andreatta D, Ponomarev SY, Beveridge DL and Berg MA
2009 Dynamics of water and ions near DNA: comparison of
simulation to time-resolved Stokes-shift experiments. J. Am.
Chem. Soc. 131 1724–1735
Sen S, Gearheart LA, Rivers E, Liu H, Coleman RS, Murphy CJ
and Berg MA 2006 Role of monovalent counterions in the
ultrafast solvation dynamics of DNA. J. Phys. Chem. B 110
13248–13255
Sen S, Paraggio NA, Gearheart LA, Connor EE, Issa A, Coleman
RS, Wilson DM 3rd, Wyatt MD and Berg MA 2005 Effect of
protein binding on ultrafast DNA dynamics: characterization of
a DNA: APE1 complex. Biophys. J. 89 4129–4138
Shweta H, Singh MK, Yadav K, Verma SD, Pal N and Sen S 2017
Effect of TT mismatch on DNA dynamics probed by minor
groove binders: comparison of dynamic Stokes shifts of Hoechst
and DAPI. J. Phys. Chem. B 121 10735–10748
Siebert T, Guchhait B, Liu Y, Fingerhut BP and Elsaesser T
2016 Range, magnitude, and ultrafast dynamics of electric

ﬁelds at the hydrated DNA surface. J. Phys. Chem. Lett. 7
3131–3136
Singh MK, Shweta H and Sen S 2016 Dispersed dynamics of
solvation in g-quadruplex DNA: comparison of dynamic Stokes
shifts of probes in parallel and antiparallel quadruplex structures.
Methods Appl. Fluoresc. 4 034009(1–13)
Spolar RS and Record MT 1994 Coupling of local folding to sitespeciﬁc binding of proteins to DNA. Science 263 777-784
Subramanian PS, Ravishanker G and Beveridge DL 1988 Theoretical
considerations on the ‘spine of hydration’ in the minor groove of
d(CGCGAATTCGCG).d(GCGCTTAAGCGC): monte carlo
computer simulation. Proc. Natl. Acad. Sci. USA 85 1836–1840
Trieb M, Rauch C, Wellenzohn B, Wibowo F, Loerting T and Liedl
KR 2004 Dynamics of DNA: BI and BII phosphate backbone
transitions. J. Phys. Chem. B 108 2470–2476
Verma SD, Pal N, Singh MK and Sen S 2012 Probe positiondependent counterion dynamics in DNA: comparison of timeresolved stokes shift of groove-bound to base- stacked probes in
the presence of different monovalent counterions. J. Phys.
Chem. Lett. 3 2621–2626
Verma SD, Pal N, Singh MK and Sen S 2015 Sequence-dependent
solvation dynamics of minor-groove bound ligand inside
duplex-DNA. J. Phys. Chem. B 119 11019–11029
Yamamoto E, Akimoto T, Yasui M and Yasuoka K 2014 Origin of
subdiffusion of water molecules on cell membrane surfaces. Sci.
Rep. 4 4720(1–7)
Yang J, Wang Y, Wang L and Zhong D 2017 Mapping hydration
dynamics around a b-barrel protein. J. Am. Chem. Soc. 139
4399–4408
Zewail A 2011 Biological water: a critique. Chem. Phys. Lett. 503
1–11

