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Long-range DNA-water interactions
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ABSTRACT DNA functions only in aqueous environments and adopts different conformations depending on the hydration
level. The dynamics of hydration water and hydrated DNA leads to rotating and oscillating dipoles that, in turn, give rise to a
strong megahertz to terahertz absorption. Investigating the impact of hydration on DNA dynamics and the spectral features
of water molecules influenced by DNA, however, is extremely challenging because of the strong absorption of water in the mega-
hertz to terahertz frequency range. In response, we have employed a high-precision megahertz to terahertz dielectric spectrom-
eter, assisted by molecular dynamics simulations, to investigate the dynamics of water molecules within the hydration shells of
DNA as well as the collective vibrational motions of hydrated DNA, which are vital to DNA conformation and functionality. Our
results reveal that the dynamics of water molecules in a DNA solution is heterogeneous, exhibiting a hierarchy of four distinct
relaxation times ranging from �8 ps to 1 ns, and the hydration structure of a DNA chain can extend to as far as �18 Å from its
surface. The low-frequency collective vibrational modes of hydrated DNA have been identified and found to be sensitive to
environmental conditions including temperature and hydration level. The results reveal critical information on hydrated DNA
dynamics and DNA-water interfaces, which impact the biochemical functions and reactivity of DNA.
SIGNIFICANCE Water plays an important role in the dynamics, flexibility, and stability of DNA molecules. It also strongly
affects their recognition processes and thus largely determines their biochemical functions. Strong water absorption and a
broad continuous vibrational density of states in the megahertz to terahertz frequency range have prevented optical
identification of water-DNA interaction. In this report, we provide new, to our knowledge, insights into the hydration
dynamics as well as terahertz-collective motions of hydrated DNA probed over a wide frequency region with an
unprecedented signal/noise ratio. Combining megahertz to terahertz spectroscopy and molecular dynamics simulations,
we have determined the impact of water on DNA dynamics and vice versa, which influence biochemical functions of DNA.
INTRODUCTION

Hydration plays an important role in the dynamics, flexi-
bility, and stability of DNA molecules. It also strongly
affects their recognition processes and thus largely deter-
mines their biochemical functions. Specifically, hydration
significantly affects the binding of DNA with proteins and/
or ligands, as well as the intercalation of foreign molecules,
including anticancer drugs, into DNA molecules (1–6).
Without hydration, the observed structures of DNA mole-
cules would be unstable because of electrical field effects
from the negatively charged phosphate backbone and the
positively charged counterions. Water molecules form
hydration layers around DNA and screen these charges,
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making an entangled structure stable. Under usual physio-
logical conditions, the B-DNA form is the most abundant,
but the A-DNA and Z-DNA forms can emerge when the hy-
dration level is below a certain threshold (2,7–9). For all
these forms, the hydration shells are necessary to stabilize
the double-helical structure of DNA and allow the formation
of grooves (1–4). In these grooves, water molecules serve as
bridges between charged groups (10–12), and as a result, or-
dered spine-like hydration structures are observed on a large
scale. Such spines of hydration are regarded as an integral
part of DNA because they support DNA stability. All these
observations suggest that hydration water is one of the
fundamental factors determining the structures and func-
tions of DNA. At the same time, the dynamics of water is
also influenced by the presence and conformational transi-
tions of DNA molecules. The dynamics of water molecules
in the hydration layers of DNA is especially complicated
because of the confined environment provided by the major
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and minor grooves. Understanding the behavior of these wa-
ter molecules and their effects on DNA dynamics therefore
provides key insights into the biological functions of DNA.

The impact of hydration layers on DNA dynamics can be
revealed by probing the long-range structural vibrations of
DNA. In the past decade, the collective motions of DNA
and the water dynamics in hydration layers have been char-
acterized experimentally and investigated theoretically and
computationally using molecular dynamics (MD) simula-
tions (13–22). These simulations suggest that the hydra-
tion-bond dynamics and reorientation time of water
molecules in DNA hydration shells span a wide range
of timescales from picoseconds to a few nanoseconds
(13–17,19–21). Based on entropy calculations from atom-
istic MD simulations, Jana et al. (19) have shown that the
water molecules are more restricted in the minor and major
grooves as compared to free water. A diverse range of exper-
imental techniques have also been employed to investigate
the dynamics of hydrated DNAmolecules from different an-
gles. X-ray crystallography experiments performed at cryo-
genic temperatures have provided a detailed view of DNA
and the hydration structure of DNA, revealing the presence
of a spine of hydration in the minor grooves (23–25). NMR
spectroscopy detects the motion of probe nuclei at different
timescales related to the water dynamics in hydration shells.
NMR studies revealed that the residence time of water mol-
ecules in the minor grooves is around 1 ns or longer and
indicated that a spine of hydration is an integral part of
the DNA minor grooves (26–30). Neutron scattering
(31,32) and Raman scattering techniques (8,33,34) have re-
vealed information on the structure of water molecules in
DNA hydration shells, as well as the collective vibrational
modes of DNA. Time-resolved Stokes shift experiments
(16,35–37), time-resolved polarization measurements (38),
dielectric spectroscopy (9,39–45), time-resolved infrared
spectroscopy (46), pump-probe experiments (47), vibra-
tional sum-frequency generation measurements (12,48), op-
tical Kerr effect spectroscopy (49), and NMR spectroscopy
(28–30) have been used to characterize the collective solva-
tion dynamics around DNA and reveal multiexponential
decay kinetics of the orientation of water molecules, which
are connected to the hydrogen-bond network dynamics of
water. For examples, Berg and co-workers carried out exten-
sive research on power law and logarithmic dynamics of
water molecules over picosecond to nanosecond timescales
(16,35–37). Among these techniques, a combination of
dielectric relaxation measurements (9,39,40) and terahertz
spectroscopy (41–45) stands out as a unique approach, as
they can simultaneously address the dynamical and struc-
tural aspects of nucleic acids and hydration water around
them over a wide range of timescales. Such measurements
can thus reveal the connection between hydration and
DNA dynamics.

The goal of our study is to comprehensively analyze the
collective motions of hydrated DNA molecules as well as
the hydration dynamics of water by combining the dielectric
relaxation and terahertz spectroscopy. The dielectric spectra
of aqueous DNA solutions, which span a wide range of
frequencies in the electromagnetic spectrum, are encoded
with signatures related to a number of biological processes
involving inter- and intramolecular dynamics of DNA and
water. The dielectric relaxation at kilohertz to megahertz
frequencies was generally viewed as a result of the polariza-
tion of condensed counterions along a DNA polyion (i.e.,
a-relaxation), as well as the relaxation of permanent dipoles
and the motion of polar groups on the DNA molecule (i.e.,
b-relaxation) (50). At higher frequencies, the dielectric
spectroscopy of aqueous DNA solutions was presented
separately either at megahertz to gigahertz or terahertz fre-
quencies (9,39–41). Thus, a complete spectrum with high
precision covering the wide range of frequencies from
megahertz to terahertz will enable a more reliable analysis
of DNA hydration and its impact on DNA dynamics. We
have recently achieved this goal with an improved dielectric
spectrometer (51–56). The new, to our knowledge, spec-
trometer has a signal/noise ratio enhanced by several orders
of magnitude and a large spectral bandwidth extending from
megahertz to terahertz frequencies, enabling high-precision
dielectric spectroscopic measurements for studying the hy-
dration dynamics in aqueous biomolecular solutions and
the collective motions of biomolecules. Specifically, the
megahertz to gigahertz dielectric response allows us to
directly determine the dynamics of water molecules, as
well as to estimate the total number of water molecules
whose kinetics are altered by the presence of bio-
macromolecules in the solution. The terahertz spectroscopic
data reveal the collective vibrational motions of hydrated
biomolecules in a solution. Using effective-medium approx-
imation, we are able to map out the dynamics of hydrated
DNA molecules as well as the number of water molecules
that constitute the first hydration shell of a DNA chain.
The experimental results are further corroborated and
supplied with molecular-level insight revealed by all-atom
MD simulations.
MATERIALS AND METHODS

Dielectric megahertz to terahertz spectroscopy

The measurements were performed on a frequency-domain dielectric

spectrometer that covers a broad range of the electromagnetic spectrum

from 100 MHz to 1.12 THz (0.000334–37.36 cm�1). The setup allows

simultaneous measurements of the refractive index and absorbance (i.e.,

the dielectric dispersion and loss) of an aqueous DNA solution at mega-

hertz to terahertz frequencies. The spectrometer consists of a commercial

Vector Network Analyzer from Agilent (PNA N5225A; Santa Clara, CA)

that covers the frequency range from 10 MHz to 50 GHz. Frequency ex-

tenders from Virginia Diodes (Charlottesville, VA), were used to generate

terahertz waves. Seven different frequency extender modules have been

used to cover a frequency range of 60 GHz–1.12 THz as reported in

our earlier publications (51–56). A variable pathlength sample cell made

from aluminum for dielectric experiments was used. Two parallel
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windows were mounted inside the aluminum sample cell, with one fixed

and the other in a mobile position, to vary the thickness of a liquid sample.

An ultraprecision linear motor stage (Newport XMS50; Irvine, CA) was

employed to perform nanometer-precision motion with a travel range of

50 mm. The sample cell was equipped with Peltier coolers (Custom Ther-

moelectric, 27115L31-03CK; Bishopville, MD). High-power resistors

were embedded in the aluminum sample cell to provide a controlled heat-

ing. The temperature of the sample was monitored and controlled with an

accuracy of 50.02�C, using the LakeShore 336 temperature controller

(LakeShore, Westerville, OH).
Molecular dynamics simulations

Atomistic simulations were performed with the large-scale atomic/molec-

ular massively parallel simulator (57). A DNA chain with sequence

50-CGCGAATTCGCG-30 was built with a DNA generator, and 6720 wa-

ter molecules were generated by NAMD tools (a computer software for

MD simulations). The AMBER force field (a family of force fields for

MD of biomolecules) was adopted for the DNA, and the SPC/E (extended

simple point charge) model was employed for water. The Lennard-Jones

12-6 potential was truncated at 12 Å for DNA and 7.9 Å for water.

Coulombic interactions were fully accounted for, with the long-range

part computed with the particle-particle particle-mesh method. The geo-

metric mixing rule was adopted for the DNA-water interactions. The

equations of motions were integrated with a velocity Verlet algorithm

with a time step of 1 fs. The system was equilibrated at 278 K for 1 ns

in an NPT (constant-temperature and constant-pressure) ensemble with

the temperature and pressure controlled through the Berendsen algorithm.

The temperature of the system was increased to 35�C in increments of

10�C. In this way, systems at four different temperatures were obtained.

At each temperature, the system was further equilibrated for 1 ns in an

NPT ensemble based on the Berendsen algorithm. After equilibration,

an NVT (constant-temperature and constant-pressure) ensemble was

used for production runs with the system temperature controlled by a

Nos�e-Hoover thermostat. For each system, the production run was at least

10 ns, and a snapshot of the system was dumped every 1 ps for further an-

alyses. Additional details regarding sample preparations, experimental

methods, and MD simulations are provided in the Supporting materials

and methods.
RESULTS

Molecules exhibit various frequency-dependent behaviors
in an alternating electrical field, including reorientation,
collective oscillation, and vibration. In this work, a high-
precision megahertz to terahertz frequency-domain dielec-
tric spectrometer is employed to probe the DNA dynamics
and DNA-water interfaces in aqueous solutions (51–56).
Details of sample preparation and experimental setup are
provided in the Materials and methods and Supporting ma-
terials and methods. The absorption coefficients, a(n), and
refractive indices, n(n), obtained simultaneously for pure
water and aqueous DNA solutions at 25�C, are shown in
Fig. S1 for the frequency range of 100 MHz to 1.12 THz.
Both quantities show a strong frequency dependence,
where a(n) monotonically increases while n(n) decreases
with rising frequency. These quantities are used to deter-
mine the complex refractive index, n*(n) ¼ n(n) þ
ica(n)/(4pn), and the square root of the dielectric constant,ffiffiffiffiffiffiffiffiffiffiffiffiffi

ε
�
solðnÞ

p
, with c being the speed of light. The results are
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more conveniently presented in terms of the dielectric
response as

ε
�
sol nð Þ ¼ ε

0
sol nð Þ þ i ε

00
sol nð Þ þ s

�
2pnε0

� �
; (1)

where ε

0
sol nð Þ and ε

00
sol nð Þ are the dielectric dispersion (real

part) and dielectric loss (imaginary part) of the relative
permittivity, respectively; ε0 is the permittivity of the
vacuum; and s is the electrical conductivity of the solu-
tion. By measuring the absorption coefficient, refractive
index, and electrical conductivity, we have obtained the
complex dielectric spectra of aqueous DNA solutions in
the megahertz to terahertz frequency range at various
temperatures. Fig. 1 shows the dielectric response of
pure water and aqueous solutions at various DNA concen-
trations at 25�C.
Megahertz to gigahertz spectroscopy

The complex dielectric spectroscopy at the megahertz to
gigahertz frequencies reveals relaxation processes related
to the cooperative orientations of water and biomolecules
in aqueous solutions. At the molecular level, a molecule
with a permanent dipole rotates to follow an alternating elec-
trical field. Fig. 1 shows the complex dielectric spectra of
aqueous DNA solutions at 25�C, providing information on
the cooperative reorientation dynamics of both hydration
and bulk water. The position of the dielectric loss peak at
19.25 GHz (i.e., 8.27 ps) remains unchanged (inset of
Fig. 1 B), which is well established as one of the relaxation
modes of bulk water (53,58,59). The dielectric response
induced by the motion of condensed counterions, the motion
of polar groups, and the reorientation relaxation of perma-
nent dipoles from DNA molecules generally occur in the
range of 1 kHz–10 MHz, which is outside the frequency
range probed here (50,55,60). The contribution of orienta-
tional polarizations of water molecules in the interfacial re-
gion around DNA is complex and less understood. The
dielectric response shown in Fig. 1 B clearly reveals an
emerging contribution from hydration water molecules
around DNA. The contribution of such water increases
significantly as the concentration of DNA is increased. It is
understood that water molecules can form hydration layers
around a DNA molecule but may not uniformly coat its sur-
face. Some of them, including those in the inner hydration
shells in the minor and major grooves of DNA, are tightly
bound to the DNA surface, whereas those lying in the outer
shells or interacting with Naþ counterions are only loosely
bound. The megahertz to gigahertz dielectric response re-
veals the hydration properties and dynamics corresponding
to the cooperative orientation relaxation of bulk water, as
well as water molecules in the entire hydration sheath.

At megahertz to gigahertz frequencies, vibrations,
collective oscillations, and the librational motions of
molecules in general do not contribute considerably to the
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FIGURE 1 The complex dielectric response of aqueous DNA solutions.

(A) Dielectric dispersion and (B) dielectric loss spectra of aqueous DNA

solutions revealing the interaction between DNA solutions and electromag-

netic radiation at megahertz to terahertz frequencies. A magnified view of

the spectra of aqueous solutions at various DNA concentrations and pure

water is shown in the inset of each figure. The maximum of the dielectric

loss spectra occurs at around 19 GHz, similar to the result for pure water,

but the magnitude of the maximal dielectric loss decreases as the DNA con-

centration is increased. A clearly emerging contribution to the dielectric

loss from hydration water in the solution can be distinctively seen at low

frequencies (between 0.1 and 1 GHz), with the dielectric loss becoming

more pronounced at higher DNA concentrations. To see this figure in color,

go online.

Long-range DNA-water interactions
dielectric relaxation of the solution. In this case, the Debye
relaxation model can be applied to understand the dielectric
property of DNA solutions within error limits (61,62). A su-
perposition of four Debye components is adopted here,
which captures the contribution from the tightly bound,
loosely bound, and bulk water, respectively. The complex
dielectric function has the following form,

ε
�
sol nð Þ ¼ ε

0
sol nð Þ þ iε00sol nð Þ

¼ εN þ εS � ε1

1þ iutTB1
þ ε1 � ε2

1þ iutTB2
þ ε2 � ε3

1þ iutLB

þ ε3 � εN

1þ iutD
; (2)
whereDεTB1¼ εS� ε1,DεTB2¼ ε1� ε2,DεLB¼ ε2� ε3, and
DεD¼ ε3� εN represent the dielectric contributions ofDebye
relaxation processes to the total relaxation spectrum from the
tightly boundwater (including those in the minor grooves and
those in the major grooves and around the phosphate groups),
loosely bound water, and bulk water, respectively. The corre-
sponding relaxation times are designated as tTB1, tTB2, tLB,
and tD. In the equation above, u ¼ 2pn is the angular fre-
quency of the applied electric field, εS is the static permittivity

given by εS ¼ εN þ P4
i¼1

Dεi, and εN includes contributions to

the dielectric response from all polarization modes at fre-
quencies much higher than the probed range.

Employing the method, the dielectric response spectra
including the dielectric dispersion, ε

0
sol nð Þ, and the dielectric

loss, ε
00
sol nð Þ, are fitted simultaneously to Eq. 2. To obtain the

best fit, all eight parameters are varied simultaneously,
except tD, which is released after a few iterations. An
example of such fits is presented in Fig. 2 A for the
22.47 mM DNA solution, which confirms that Eq. 2 can
adequately describe the dielectric response spectrum. If a
model similar to Eq. 2 but with only three or fewer Debye
relaxation processes is adopted, a residual is clearly discern-
ible between the fit and the measured response (see Fig. S2).
Therefore, we stick to Eq. 2 for fitting the dielectric
response data to obtain the relaxation time and strength of
each mode. For the 22.47 mM DNA solution, the relaxation
time for bulk water in the solution, tD, is found to be 8.125
0.20 ps, similar to the value obtained in pure water, which is
8.27 ps (i.e., 19.25 GHz) (53,58,59). The three longer relax-
ation times are tTB1 ¼ 835 5 120 ps (190 MHz), tTB2 ¼
400 5 45 ps (398 MHz), and tLB ¼ 52 5 8 ps (3.1
GHz), which are separated for the reorientational relaxation
processes of the tightly bound water in the minor grooves,
the tightly bound water in the major grooves and around
the phosphate groups, and the loosely bound ones, respec-
tively. It is noteworthy that Naþ counterions have weak
interaction with water molecules with a relaxation time of
�30 ps (63,64), and therefore, the hydration water
molecules interacting with Naþ counterions contribute to
the loosely bound water. The corresponding dynamics of
the three types of bound water show retardation factors of
�100, 50, and 5, respectively. The tightly bound water
molecules are in the innermost hydration shells and have
direct interactions with the DNA surface. Such interactions
are typically strong, but the coverage of the tightly bound
water around a DNA molecule is not uniform because the
DNA surface is irregular. Some water molecules, such as
those in the major grooves, may have direct but relatively
weak interactions with the DNA surface (52,55,60). As a
result, the tightly bound water exhibits two distinct
relaxation times, though both are significantly longer than
the bulk relaxation time. The loosely bound water contains
all water molecules having weak interactions with the
Biophysical Journal 120, 4966–4979, November 16, 2021 4969
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FIGURE 2 Heterogeneous nature of hydration water. (A) The dielectric

loss and dispersion (inset) spectra of the 22.47 mM DNA solution reveal

the cooperative reorientation dynamics of hydration water. The spectra

are deconvoluted into four Debye components, capturing the contributions

from the tightly bound water in the minor grooves, the tightly bound water

in the major grooves and around the phosphate groups, the loosely bound

water, and the bulk water in the solution, respectively. The red curves are

the fits to the dielectric response based on these four Debye components

from 100 MHz to 50 GHz. (B) The dielectric loss and dispersion (inset)

spectra, with the contributions from the bulk water subtracted, for the

22.47 mM (green) and 27.58 mM (orange) DNA solutions. The solid lines

represent the three-Debye model fit to the contribution of hydration water.

To see this figure in color, go online.
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charged entities in DNA and Naþ counterions, and they are
typically located either in the outer hydration shells with
respect to DNA surface or interacting with the Naþ counter-
ions. Fitting a dielectric spectrum to Eq. 2 also provides the
dielectric strength of each relaxation mode, which quantifies
the contribution to the overall dielectric response from each
group of water molecules. For the 22.47 mM DNA solution,
DεTB1 ¼ 0.60 5 0.05, DεTB2 ¼ 4.05 5 0.30, DεLB ¼
1.20 5 0.15, and DεD ¼ 68.0 5 0.4. The fitted values of
the relaxation time and dielectric strength of all four types
of water molecules in aqueous DNA solutions at different
DNA concentrations are included in Table S1. The concen-
4970 Biophysical Journal 120, 4966–4979, November 16, 2021
trations of Naþ counterions at the DNA concentrations
probed here typically lie below �110 mM, which is a
weak contribution to the dielectric strength of loosely bound
water (53).

Dielectric spectroscopy measures the overall response of
the entire ensemble of molecules in a solution. As a result,
the fitted values in Table S1 represent the macroscopic prop-
erties of the tightly bound, loosely bound, and bulk water. To
single out the dielectric response solely from the boundwater
molecules, the dielectric response due to bulk water identi-
fied by the dielectric strength, DεD, and the relaxation time,
tD, is subtracted from the full spectrum. The results for two
solutions after such subtraction are shown in Fig. 2 B, which
represent the contribution to the dielectric response from all
bound water molecules in each solution. As expected, each
spectrum can be well characterized by a superposition of
three Debye relaxation processes, attributed to the reorienta-
tion relaxation of three types of boundwater. Two of them are
tightly bound, with one in the minor grooves of a DNAmole-
cule having the longest relaxation time and the other in the
major grooves and around the phosphate groups. The remain-
ing type consists of water molecules loosely bound to the
DNA surface and Naþ counterions.

The hydration structure of DNA is heterogeneous with the
bound water exhibiting various distinct dynamics. The per-
centage of each type of bound water depends on the concen-
tration of DNA in the solution. To reveal this dependence,
dielectric spectroscopic measurements are performed at
various DNA concentrations. The relaxation time and the
corresponding dielectric strength extracted from experi-
mental data are presented in Fig. 3 against the DNA concen-
tration. The four relaxation times for the tightly bound
(either in the minor grooves or in the major grooves and
around the phosphate groups), loosely bound, and bulk wa-
ter remain almost unchanged as the DNA concentration is
varied from 3 to 28 mM (Fig. 3 A). The quantitative results
are tTB1 ¼ 8305 120 ps, tTB2 ¼ 3905 45 ps, tLB ¼ 525
8 ps, and tD ¼ 8.205 0.20 ps. The corresponding dielectric
strengths of the bound water molecules, DεTB1, DεTB2, and
DεLB, increase as the DNA concentration is increased and
exhibit a tendency to saturate at high DNA concentrations
(Fig. 3 B) (52,56). Accordingly, the dielectric strength of
bulk water, DεD, decreases with increasing DNA concentra-
tion (Fig. 3 C). As expected, before the hydration shells of
different DNA molecules start to overlap, the number of
bound water molecules is proportional to the number
of DNA molecules in a solution. The increase of DNA con-
centration is at the cost of the bulk water in the solution.
Thus, the dielectric strength of bound water increases while
that of bulk water decreases as a DNA solution becomes
more concentrated. Furthermore, the replacement of water
molecules, which strongly absorb megahertz to terahertz
radiations, with low-absorbing biomacromolecules also
contributes to the decrease of the dielectric strength of the
bulk water.
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FIGURE 3 Mechanistic origins of hydration water. (A) The relaxation

times from top to bottom are tTB1 for the tightly bound water in the minor

grooves (orange triangles), tTB2 for the tightly bound water in the major

grooves and around the phosphates groups (purple diamonds), tLB for the

loosely bound water (green circles), and tD for the bulk water (red squares),

respectively. The error bars for tD are smaller than the symbol size. (B) The

dielectric strengths are DεTB1 for the tightly bound water in the minor

grooves (orange triangles), DεTB2 for the tightly bound water in the major

grooves and around the phosphate groups (purple diamonds), and DεLB for

the loosely bound water (green circles). The solid lines are a guide to the

eye. (C) The dielectric strength of the bulk water, DεD, is either extracted

from the experimentally measured dielectric response (red squares) or

computed on the basis of the ideal bulk water assumption (blue squares).

The solid lines are the best linear fits to the data. The difference between

the two indicates the hydration effect and can be used to extract the hydra-

tion number per DNA basepair, Nhyd, which is shown in the inset as a func-

tion of DNA concentration. To see this figure in color, go online.

Long-range DNA-water interactions
The number of water molecules affected by the presence
of DNA in an aqueous solution can be estimated from the
dielectric response of bulk water in the solution. As dis-
cussed previously, water molecules in a DNA solution that
relax with a time constant tD are considered as bulk water.
If all water molecules in the solution are assumed to be bulk
water, their dielectric strength can be computed based on the
amount of water in the solution, which is the curve labeled
as ‘‘ideal bulk water’’ in Fig. 3 C. However, the measured
dielectric strength, DεD, of the actual bulk water in the
solution,which is extracted by fitting the dielectric spectrum
to Eq. 2, is lower than that of the ideal bulk water. As the
DNA concentration is increased, the difference between
the two becomes larger. This trend is another manifestation
of the fact that not all water molecules in a solution relax as
bulk water. A significant fraction of water is bound to DNA
directly or indirectly via hydrogen bonding. These bound
water molecules have longer relaxation times than tD, as
shown in Fig. 3 A, and their number as well as contribution
to the dielectric response of the solution grows as the DNA
solution becomes more concentrated. The difference be-
tween the dielectric strength computed for the ideal bulk
water and that measured for the real bulk water in a
solution provides a way to quantify the ‘‘hydration effect’’
(Fig. 3 C). By calculating the number of water molecules
not participating in the bulk water reorientation dynamics,
the number of bound or ‘‘slow’’ water molecules per DNA
basepair, which is called the ‘‘hydration number’’, Nhyd,
can be estimated as

Nhyd cDNAð Þ ¼
cw � Dεw

Dεpure
cpure

ncDNA
; (3)
where cw is the molar concentration of water in the aqueous
solution, cpure ¼ 55.35 M is the molarity, Dεpure ¼ 73.25 is
the dielectric strength of neat water at 25�C, cDNA is the
molar concentration of DNA in the solution, and n is the
number of basepairs per DNA. For the 22.47 mM DNA
solution, Nhyd ¼ 60 5 6. As the DNA concentration is
increased, the value of Nhyd slightly decreases (inset of
Fig. 3 C). As discussed afterward, these hydration water
molecules are heterogeneously dispersed over a length scale
of 18 Å from the DNA surface. This result is consistent with
our estimate of Nhyd, which will be discussed further along
with our MD simulations of DNA hydration. Our results of
the hydration number are close to those reported by Ermi-
lova et al. (39), who estimated �40 water molecules per
DNA basepair for solutions with a wide range of DNA con-
centrations using gigahertz dielectric spectroscopy.

The dielectric strengths of the bound water in aqueous
DNA solutions show a tendency to saturation at high
DNA concentrations (Fig. 3 B). A slight decrease in the hy-
dration number can also be observed in this limit (inset of
Fig. 3 C). At low concentrations, DNA macromolecules
are well separated from each other, and the hydration struc-
ture and dynamics are governed by DNA-water interactions.
When the DNA concentration is increased, the average sep-
aration between DNA molecules decreases, and the partial
overlapping of the hydration layers of different DNA mole-
cules comes into the picture. The slight bending of the
dielectric strengths and the weak decrease in the hydration
number at high DNA concentrations suggest that the over-
lapping of hydration layers is not significant in the range
of DNA concentration studied here.
Biophysical Journal 120, 4966–4979, November 16, 2021 4971
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Temperature is expected to strongly influence the activity
of water and DNA in their mixture. The absorption and
refractive index of the 18.21 mM DNA solution at 5, 15,
25, and 35�C are presented in Fig. S3, and the corresponding
dielectric response of the DNA solution is shown in Fig. 4.
In general, the dielectric spectra shift toward higher fre-
quencies as temperature is increased. Eq. 2 still adequately
describes the dielectric response at all temperatures, and the
relaxation time constants and dielectric strengths as a func-
tion of temperature are presented in Fig. 4, B, C, and D. All
the orientation relaxation times and the dielectric strengths
of water molecules in the solution decrease with increasing
temperature. These trends are expected as molecular orien-
tations relax faster (that is, with higher frequencies) and the
hydration number of DNA decreases at higher temperatures
A       B

D

FIGURE 4 Effect of temperature on hydration and DNA dynamics. (A) The d

35�C. (B) The relaxation times from top to bottom are tTB1 for the tightly boun

water in the major grooves and around the phosphate groups (purple diamonds), t

squares), respectively. (C) The dielectric strengths are DεTB1 for the tightly boun

water in the major grooves and around the phosphate groups (purple diamonds

strength of the bulk water, DεD, is either extracted from the experimentally meas

bulk water assumption (blue squares). The solid lines are the best linear fits t

temperature. To see this figure in color, go online.
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at which thermal fluctuations of molecular motions are
enhanced (65). Using the ideal bulk water assumption, we
can also compute the anticipated dielectric strength of all
water molecules in the solution at a specific temperature if
all of them are assumed to relax in the same manner as
pure water at that temperature (the blue solid line in Fig. 4
D). The difference between this hypothetical response and
the measured response of the real bulk water, DεD, reflects
the hydration effect. The results in Fig. 4 D show that the
difference of the two responses becomes smaller as temper-
ature is raised, which implies that the fraction of water in the
solution relaxing as pure water gets larger at higher temper-
atures. The hydration number per DNA basepair, Nhyd,
computed on the basis of Eq. 3 as discussed previously, is
therefore expected to decrease with increasing temperature.
        C

ielectric loss and dispersion (inset) spectra were collected at 5, 15, 25, and

d water in the minor grooves (orange triangles), tTB2 for the tightly bound

LB for the loosely bound water (green circles), and tD for the bulk water (red

d water in the minor grooves (orange triangles), DεTB2 for the tightly bound

), and DεLB for the loosely bound water (green circles). (D) The dielectric

ured dielectric response (red squares) or computed on the basis of the ideal

o the data. The inset shows the hydration number, Nhyd, as a function of
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This trend is confirmed by the data shown in the inset of
Fig. 4 D.

The observed temperature dependence of the dielectric
response can be explained using the concept of Debye
screening (66) and counterion condensation (67). The De-
bye length, lD, is a length scale up to which the electrostatic
effect of a charged entity persists in a solution. In an ionic
solution, lD � ffiffiffiffiffiffiffiffiffiffi

T=n0
p

, where T is temperature and n0 is
the concentration of mobile ions. In a DNA solution, the
extent of counterion condensation is controlled by the
Manning parameter, x ¼ lB/b, where lB is the Bjerrum
length and b is the average separation between the fixed
ions on a DNA chain. Specifically, the fraction of counter-
ions condensed on a DNA chain is given by fc ¼ 1 � xc/x,
where xc is the critical Manning parameter beyond which
counterion condensation starts to occur (67). The Bjerrum
length is the separation at which the electrostatic interaction
energy between two elementary charges in a solution is
equal to the thermal energy scale. Its temperature depen-
dence is lB �1/T. When the temperature is raised, lB and
x get smaller. As a result, fc decreases with increasing tem-
perature, implying that more counterions are released to the
solution and become mobile at higher temperatures. There-
fore, n0 increases as T is raised, and its effect on lD more
than compensates for the effect from the increase of T.
The net result can be that lD decreases with an increasing
T. Such a trend has been reported previously for ionic liquids
(68,69). The variation of dielectric response with tempera-
ture measured in our experiments can therefore be attributed
to the enhancement of thermal fluctuations of the mobile
ions in a solution as the temperature is raised, which leads
to a stronger screening effect on electrostatic interactions.
At higher temperatures, the Debye length for DNA mole-
cules thus decreases, and the electrostatic field of a DNA
chain decays more rapidly and extends to a smaller distance
from its surface. The number of water molecules kinetically
influenced by the DNA molecules present in the solution
therefore becomes smaller. As a result, the hydration num-
ber decreases, and more water molecules behave like bulk
water at higher temperatures.
Terahertz spectroscopy

At terahertz frequencies, electromagnetic waves are coupled
to the collective motions of biomolecules present in a solu-
tion, including intra- and intermolecular motions of the bio-
molecules and their immediate hydration layers. In a DNA
solution, water molecules form tightly and loosely bound
hydration layers around DNA. The tightly bound water mol-
ecules have strong and direct contacts with the DNA sur-
face. They become an integral part of the DNA molecule
and cannot move easily (52,54,55). The terahertz dielectric
spectra of an aqueous DNA solution thus encode informa-
tion on the low-frequency internal helical vibrations of the
DNA-water complexes in the solution, involving the collec-
tive motions of the DNA backbones and side chains and the
interactions between DNA and tightly bound hydration wa-
ter. With the refractive index and absorption coefficient of
an aqueous DNA solution simultaneously measured with
high precision, it is possible to map out the collective vibra-
tional modes of the hydrated DNA molecules and the num-
ber of water molecules tightly bound to DNA.

In view of the dielectric model for a heterogeneous sys-
tem, a DNA solution can be considered as a mixture of water
and hydrated DNA, each of which possesses its own com-
plex dielectric property characterized by ε

�
wat and ε

�
hDNA,

respectively. The combination of their dielectric responses
results in the complex dielectric response of the solution,
ε
�
sol, which is determined from the experimentally measured
refractive index, n(n), and absorption coefficient, a(n)
(55,62,70). Because the wavelengths of the probing electro-
magnetic waves are orders of magnitude larger than the size
of a hydrated DNA molecule, each solution can be approx-
imated as an effectively homogeneous medium. Several
models based on this effective-medium theory have been
proposed in the literature (62,71–73). The Bruggeman
model (62,70,71), which is suitable for the high dielectric
contrast between DNA macromolecules and water, is adop-
ted here in the following form,

fhDNA
ε
�
hDNA � ε

�
sol

ε
�
hDNA þ 2ε�sol

þ 1� fhDNAð Þ ε
�
wat � ε

�
sol

ε
�
wat þ 2ε�sol

¼ 0; (4)
where fhDNA is the volumetric fraction of hydrated DNA in a
solution. The model can be applied in a wide range of solute
concentration under certain conditions. Firstly, a fraction of
water molecules is embedded in the hydration shells of
DNA macromolecules via strong hydrogen bonds. These
water molecules are considered as an integral part of the
DNA macromolecules in the aqueous solution. This
assumption is in line with the experimental results from
Raman spectroscopy (8,33), swelling experiments (7), and
infrared measurements (47), which all show that a small
fraction of water molecules within the first hydration shell
of a DNA molecule are strongly bound to the DNA surface
and kinetically distinct from the rest of water molecules in
the solution. Secondly, a DNA molecule is approximated
as a cylinder of radius RD and length h. Each cylinder is sur-
rounded by water molecules that are an integral part of the
DNA. Such water molecules are embedded within a cylin-
drical shell of an average thickness of d surrounding the cyl-
inder representing the DNA molecule. The volumetric
fraction of the hydrated DNA in the solution is, therefore,
fhDNA ¼ (ND/V)(ph)(RD þ d)2, where ND is the number of
DNA molecules and ND/V is thus the concentration of
DNA in the solution (62). Lastly, the molecular properties
of water molecules in the hydration sheath are assumed to
be similar to those of bulk water, but their dynamics are
kinetically retarded.
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Employing the Bruggeman effective-medium approxima-
tion, the dielectric dispersion and loss of hydrated DNA as
well as the number of water molecules in the tightly bound
hydration layer of DNA have been estimated at various tem-
peratures (Fig. 5 A). The average number of water molecules
that are tightly bound to DNA and therefore considered as
its integral part is estimated to be 27 5 4 per basepair, cor-
responding to a tightly bound hydration layer of a thickness
of 4.5 5 0.3 Å from the DNA surface. This value remains
unchanged in the temperature range investigated here.
These water molecules are not kinetically frozen but are
highly enslaved and participated in the DNA collective mo-
tions. The tightly bound water molecules have direct and
strong contact with the DNA surface including the minor
grooves, the major grooves, and the phosphate groups.
With the dielectric response measured at megahertz to giga-
hertz frequencies, we can estimate the contributions of
A

B

FIGURE 5 Collective vibrational modes of hydrated DNA. (A) The

dielectric loss and dispersion (inset) spectra of hydrated DNA in the

18.21 mMDNA solution, estimated using the Bruggeman effective-medium

approximation, are shown at 5, 25, and 35�C. As the temperature is

increased, the spectra shift toward higher frequencies. (B) From top to bot-

tom, the VDoS for the whole DNA, the side chains, and the backbone are

calculated separately with MD simulations. To see this figure in color, go

online.
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different types of water to the total dielectric response of a
DNA solution. Specifically, the dielectric strength of the
tightly bound water molecules in the minor grooves is
�20% of that of the water molecules in the major grooves
and around the phosphate groups. We conclude that �4–6
water molecules per basepair, which have a longer relaxa-
tion time of �800 ps, are located in the minor grooves,
and �20–24 water molecules per basepair reside in the ma-
jor grooves and around the phosphate groups. Using
different techniques, several earlier studies reported that
�20–30 water molecules per basepair are in the innermost
hydration shell of a DNA molecule, including 2–6 water
molecules that are difficult to remove. Liu et al. (47) esti-
mated that �20–30 water molecules per basepair, including
two water molecules permanently bound to DNA, are in the
primary hydration shell of DNA using femtosecond pump-
probe experiments conducted on moist samples. By employ-
ing Raman scattering spectroscopy, Tao et al. (33) predicted
that the first hydration shell of DNA contains �30 water
molecules per basepair, of which 5–6 water molecules are
very difficult to remove from DNA. Lavalle et al. (7) re-
ported that �6 water molecules per basepair are strongly
embedded in the B-form of Na-DNA using a swelling tech-
nique. All these results suggest that �5–6 water molecules
per basepair are integrally attached to DNA in an aqueous
solution, forming the ‘‘spine of hydration’’ around the minor
grooves and playing a vital role in stabilizing the DNA
structure (12). To fully reveal the temporal dynamics and
spatial distribution of water molecules around DNA at
molecular scales, MD simulations are performed, as dis-
cussed in the next section.
Molecular dynamics simulations

To establish a complete picture of hydrated DNA at the mo-
lecular level, we investigate the hydration structure and dy-
namics of DNA with MD simulations. The goal here is to
connect the simulation results to the experimentally
measured dielectric responses and provide a microscopic
picture of the hydration dynamics and collective motions
of DNA. The details of the simulations are included in the
Materials and methods and Supporting materials and
methods. We compute the vibrational density of states
(VDoS) of a hydrated DNA chain, a quantity characterizing
the collective vibrational modes of the chain, and then we
separate the contributions from its sugar-phosphate back-
bone and side chains. The results of a dilute DNA solution
at 25�C are shown in Fig. 5 B. The VDoS spectrum of the
backbone has peak intensity at a frequency around 1 THz,
whereas that of the side chains has a slightly broader peak
at �0.5 THz. As a result, the VDoS spectrum of the whole
DNA chain exhibits two peaks at frequencies around 0.5 and
1 THz, respectively. These characteristic frequencies are in
line with the frequencies of 0.35 and 0.8 THz at which the
dielectric loss spectrum displays peak intensities (Fig. 5 A).
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B

C

FIGURE 6 Dynamics of bound water molecules at the molecular level.

(A) The proximal radial distribution function, pRDF(r), is computed for

the tightly bound water molecules in the minor grooves, in the major

grooves, and around the phosphate groups, where r is the distance from

the DNA surface. (B) From top to bottom, the orientational autocorrelation

function for the tightly bound water molecules in the minor grooves, in the

major grooves, and around the phosphate groups. The solid lines are the

monoexponential fits to C(t), revealing relaxation times of 1125 5 50,

419 5 50, and 330 5 45 ps, for the three types of tightly bound water,

respectively. (C) The orientational autocorrelation functions, C(t), for wa-

ter molecules within various distances from the DNA surface. The solid

lines represent the fits to C(t) using Eq. 5. To see this figure in color,

go online.

Long-range DNA-water interactions
The relaxation time of water is expected to be different
in the minor or major grooves of DNA. Usually, a radial
distribution function can be used to quantify the water dis-
tribution at a distance r from a macromolecule surface.
However, the DNA surface is irregular, and the hydration
shells of DNA can be better quantified with a proximal
radial distribution function, pRDF(r), which determines
the water distribution at a distance r along a local normal
direction from the DNA surface (15). We compute the
pRDF(r) for water molecules in the minor and major
grooves of DNA and around the phosphate groups by em-
ploying a grid-bin algorithm introduced by Makarov et al.
(74). The technical details on the construction of a DNA
surface and the determination of a distance profile, r,
from that surface are discussed in the Supporting materials
and methods. The pRDF(r) curves for water molecules sur-
rounding DNA at 25�C show that the distribution of water
is significantly different in the minor and major grooves as
well as around the phosphate groups (Fig. 6 A). The nar-
rower space of the minor grooves provides a stronger
confinement on water molecules, resulting in a sharp and
distinct peak for the first hydration layer at r y 3 Å and
a much weaker peak for the second hydration shell at r
y 5 Å. The pRDF(r) curve for water molecules in the ma-
jor grooves shows a broad peak at r y 3 Å and then oscil-
lates slightly before it saturates at large values of r,
indicating a more dispersed distribution of water mole-
cules. For the phosphate groups, a more distinct hydration
structure can be observed with the first hydration layer at a
larger distance, r y 3.8 Å, followed by a valley of pRDF(r)
around r y 4.4 Å. Two more weaker but still distinct peaks
can be seen at r y 5.6 and r y 7.8 Å. However, the more
distinct layering of water around the phosphate groups does
not mean that water molecules are more strongly bound to
them and is just a reflection of the more regular surface of a
phosphate group compared to the surface of the minor and
major grooves.

Water molecules in the minor and major grooves as well
as around the phosphate groups show distinct dynamics in
their reorientational relaxation process. The relaxation can
be quantified through the orientational autocorrelation func-
tion, C(t), as explained in detail in the Supporting materials
and methods. The long-time correlation function of water
molecules in the minor and major grooves and around the
phosphates exhibits a monoexponential behavior, with a
correlation time of 1125 5 50, 419 5 50, and 330 5
45 ps for each group, respectively (Fig. 6 B). These results
indicate that water molecules in the minor grooves are the
most tightly bound to DNA and thus relax with the longest
reorientation time, whereas those in the major grooves and
around the phosphate groups have comparable relaxation
times and are relatively less tightly bound. The simulations
thus corroborate our early analysis based on the dielectric
response measurements, in which two types of tightly bound
water are identified with relaxation times around 830 and
390 ps at 25�C (Table S1), respectively. These results are
in line with a highly nonexponential behavior due to multi-
ple contributions to hydration water dynamics ranging from
picosecond to nanosecond timescales reported by other
groups (13,16,19–22,35).
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To understand the extent of the hydration layer around
DNA, the orientational autocorrelation function, C(t), is
computed for water molecules located in a cylindrical shell
extending from the DNA surface to a given distance, r, from
that surface. Results on C(t) are shown for r ¼ 3.0, 5.5, 10,
14, and 18 Åwith a dilute DNA solution at 25�C (Fig. 6 C).
As the value of r increases, C(t) decays faster with t, indi-
cating that the average relaxation time gets shorter. Note
that water molecules further away from the DNA surface
have weaker interactions with the DNA molecule and there-
fore relax faster. With a larger value of r, more of such water
molecules are included in the calculation of C(t), and as
a result, the average relaxation time decreases with
increasing r.

To make the analysis quantitative, we fit C(t) to a super-
position of four exponential functions as in

CðtÞ ¼ Aexp

�
� t

t1

�
þ Bexp

�
� t

t2

�
þ Cexp

�
� t

t3

�

þ Dexp

�
� t

t4

�
; (5)

where A, B, C, and D are the weight coefficients and t1, t2,
t3, and t4 are the relaxation time constants. This choice of
the fitting function is motivated by the fact that the dielectric
spectroscopic results reveal four types of water molecules in
a DNA solution. The choice is corroborated by the finding
that all the results in Fig. 6 C can be fitted to Eq. 5 with
t1 ¼ 1200 5 130, t2 ¼ 335 5 35, t3 ¼ 54 5 5, and
t4 ¼ 8.5 5 1 ps at r ¼ 5.5 Å. These relaxation times are
in line with the experimental results discussed previously,
confirming that it is plausible to classify water molecules
in a DNA solution into four groups on the basis of their
relaxation characteristics. The contribution of each type of
water molecules to C(t) varies with r, as shown in Fig. 6
C. For example, at r ¼ 3 Å, the orientational correlation
function is dominated by water molecules relaxing with t1
and t2. The contribution from the t2 mode appears to be sig-
nificant until r ¼ 5.5 Å, beyond which the relaxation modes
with shorter relaxation times start to come into play. The
shortest relaxation time of water molecules bound to
DNA, t3, is 545 5 ps, and this relaxation mode is effective
all the way until r¼ 18 Å, indicating that the hydration layer
around a DNA extends to �18 Å from the DNA surface.
Water molecules beyond 18 Å from the DNA surface relax
as bulk water with t4 ¼ 7.5 5 1 ps.
DISCUSSION

Combining the simulation and experimental results, water
molecules within the hydration sheath of DNA can be subdi-
vided into three categories basedon their relaxation character-
istics, which are controlled by the water-DNA interactions.
The slowest component corresponds to those ‘‘long-lived’’
4976 Biophysical Journal 120, 4966–4979, November 16, 2021
water molecules that are quite firmly embedded in the minor
grooves. The orientational relaxation time of these tightly
bound water molecules is on the order of �1 ns, as revealed
by bothMD simulations and dielectric spectroscopy. The sec-
ond component is the tightly bound water molecules with a
relaxation time around400ps. It is noteworthy that themacro-
scopic analysis via the correlation function approach and the
experimental dielectric responsemay not distinguish the tem-
poral disparity betweenwater molecules in themajor grooves
and those near the phosphate groups. Therefore, the second
slowest component is attributed to an aggregate response
from the water molecules directly interacting with the major
grooves and phosphates. Based on the MD data, the water
molecules in the minor and major grooves and around the
phosphate groups amount to 24 5 3 water molecules per
DNA basepair, of which 45 1 water molecules are in the mi-
nor grooves. They constitute the tightly bound hydration layer
around DNA and become an integral part of the DNA. The
third group includes water molecules outside the tightly
bound hydration layer. They are loosely bound to DNA and
the Naþ counterions and have a relaxation time of �50 ps.
Both the terahertz spectroscopic data and the MD simulation
results suggest that such water molecules are distributed in a
spatial region as far as 18 Å from theDNA surface. The impli-
cation is that the electrostatic field of DNA can extend to a
relatively large distance from its surface, despite the screening
effect of mobile ions in the solution. Finally, the relaxation
time of bulk water is found to be around 7 5 1 ps from
both the dielectric response data and the simulation results.
Thus, our results from MD simulations and dielectric spec-
troscopy simultaneously show that the influence of DNA
can extend as far as 18 Å away for the surface. In comparison
with DNA, the length scale of electrostatic perturbations
induced by proteins has been widely debated lately
(55,75–77). The evidence is there for long-range (76,77)
and short-range (55,75) protein-water interactions. It is note-
worthy that nucleic acids are highly negatively charged as
compared to conventional proteins and therefore can influ-
ence the dynamics of water molecules more effectively
(78). For example, the kinetic retardation factor is �100 for
the slowest water in the aqueous DNA solutions studied
here, which is about twice the value measured in the aqueous
solutions of conventional globular proteins (55).

The orientational correlation function is also computed
for water molecules within 5.5 Å from the DNA surface at
5, 15, 25, and 35�C, as shown in Fig. S4 A. As expected,
the relaxation is faster at higher temperatures. By fitting
the C(t) curves to Eq. 5, four well-separated characteristic
relaxation times can be extracted at each temperature
(open symbols in Fig. S4 B). All four relaxation times
decrease with an increasing temperature. The values are
generally in line with the relaxation times identified early
with the dielectric spectroscopic measurements (solid sym-
bols in Fig. S4 B) for the tightly bound water molecules in
the minor grooves, those in the major grooves and around
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the phosphate groups, the loosely bound water molecules,
and the bulk water in a DNA solution. For example, the
data of t2 and tTB2 and those of t4 and tD almost overlap
at all temperatures. Although t1 from the simulation is
�30% larger than tTB1 from the experiment and t3 is
slightly larger than tLB, both show similar temperature de-
pendences. Considering that the force field parameters
adopted in the MD simulations are not optimized for the
DNA molecules probed in the experiments reported here,
it is certainly satisfying that the simulation results on the
relaxation times are close to the experimental values, and
more importantly, the two sets of data exhibit the same hier-
archy in the range of temperature explored here.

The collective vibrational modes of hydrated DNA
depend strongly on the environmental temperature. The
dielectric response reflects the collective vibrational mo-
tions of hydrated DNA, including inter- and intramolecular
contributions, both of which are temperature dependent.
Specifically, the locations of the peak intensities, which
are correlated to the characteristic frequencies of the collec-
tive motions of hydrated DNA, shift toward higher fre-
quencies at higher temperatures. This trend is also clearly
reflected by the dispersion spectra shown in the inset of
Fig. 5 A. This temperature dependence can be understood
on the basis that the thermally activated vibrational fluctua-
tions of hydrated DNA, including the water molecules
tightly bound to the DNA chain, are enhanced when temper-
ature is raised, and therefore, the peak intensities shift
toward higher frequencies. The findings are in close agree-
ment to those reported by Urabe et al. (34), who detected the
collective vibrational motions of hydrated B-DNA using
low-frequency Raman spectroscopy. They reported that
the slowest collective vibrational modes of a DNA chain
together with its tightly bound water molecules occur at fre-
quencies around 0.48 THz (�16 cm�1) and 2.5 THz
(�85 cm�1). The two collective modes shown in Fig. 5 A
at terahertz frequencies from the dielectric spectra can be
associated to the vibrational motions of the side chains
and the DNA backbone, as revealed by the MD simulations
discussed below. Using terahertz time-domain spectroscopy,
several groups have probed the collective vibrational mo-
tions of DNA in moist or gel samples (45,79,80), in which
DNA molecules are not fully covered with water. A broad
absorption peak at terahertz frequencies has been observed
for moist DNA, but no quantitative information of water
molecules coupled to the collective motions of hydrated
DNA has been provided in these studies. Here, we have
identified the collective vibrational modes of DNA and hy-
dration water at terahertz frequencies, and these motions are
sensitive to temperature.
CONCLUSIONS

In conclusion, the conformations and functions of a DNA
chain strongly depend on its hydration level. The hydration
layers provide channels for efficient and rapid energy dissi-
pation resulting from ultraviolet photon absorption and
thus protect the delicate double-helix structure of the
DNA. Employing a high-precision megahertz to terahertz
dielectric spectrometer and MD simulations, we have
investigated the hydration structure of DNA, the coopera-
tive reorientation dynamics of water molecules, as well
as the collective motions of hydrated DNA in aqueous
DNA solutions. We have probed the concentration and
temperature dependence of the hydration number of DNA
and the orientational relaxation times of hydration water.
A hierarchy of four distinct relaxation times has been
observed, indicating the heterogeneous nature of the dy-
namics of hydration water surrounding DNA. The strong
electrostatic affinity of water molecules to the DNA surface
makes the dynamics of hydration water significantly
retarded as compared to bulk water. The dielectric spectro-
scopic measurements and MD simulations synergistically
suggest that the water molecules hydrating a DNA chain
can be separated into three groups. These include the
tightly bound water in the minor grooves with a relaxation
time around 1.0 ns, the tightly bound water molecules in
the major grooves and those bound to the phosphate groups
with a relaxation time around 390 ps, and the loosely
bound water with a relaxation time around 52 ps. The hy-
dration water is distributed over a spatial region extending
to as far as 18 Å from the DNA surface. The hydration
number, including all water molecules retarded kinetically
by the presence of DNA, is estimated to be 60 5 6 per
DNA basepair. The terahertz dielectric response data,
analyzed on the basis of the effective-medium approxima-
tion, suggest that �27 5 4 water molecules per basepair
are tightly bound to DNA, of which around five water mol-
ecules per basepair are located in the minor grooves,
whereas the rest are mainly in the major grooves and
around the phosphate groups. The water molecules in the
minor grooves can figuratively be identified as the ‘‘long-
lived’’ water molecules that form the ‘‘spine of hydration’’
of DNA. The terahertz dielectric spectroscopy also allows
us to map out the collective vibrational response of hydrat-
ed DNA and serves as a promising tool in general to pro-
vide fresh insight into the collective motions of hydrated
biomacromolecules.
SUPPORTING MATERIAL

Supporting material can be found online at https://doi.org/10.1016/j.bpj.
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Sample preparation 

Deoxyribonucleic acid (DNA) sodium salt from salmon testes (D1626), received from Sigma Aldrich, 

was used to probe the DNA-water interactions as well as the DNA collective vibrations. The material was 

used as received without any further purification. The salmon testes DNA consists of ~2,000 base pairs 

with a molecular weight of 1.3 x 106 Da. To prepare aqueous solutions, the DNA was dissolved in ultrapure 

water. In order to accurately determine the volume-filling factor, fDNA, of DNA and the molar concentration, 

partial specific volumes of individual components were measured while the solutions were prepared. 

Megahertz to terahertz dielectric spectroscopy 

The dielectric measurements were performed on a frequency-domain dielectric spectrometer that 

covers a broad spectral range of electromagnetic waves from 100 MHz to 1.12 THz (0.000334 – 37.36 

cm- 1). The system allows us to accurately measure both the refractive index and absorbance of a solution 

at megahertz to terahertz frequencies. The spectrometer consists of a commercial Vector Network Analyzer 

(VNA) from Agilent (PNA N5225A) that covers a frequency range of 10 MHz to 50 GHz. Frequency 

extenders from Virginia Diodes, Inc. (Charlottesville, VA), were used to generate terahertz waves. Seven 

different frequency extender modules were used to cover a frequency range of 60 GHz to 1.12 THz as 

reported in the earlier publications (1-9). A variable path-length sample cell made from aluminum was used 

for dielectric experiments. The sample cell was equipped with Peltier coolers (Custom Thermoelectric, 

27115L31-03CK) to control temperature during measurements. High power resistors were embedded in the 

aluminum sample cell to provide a controlled heating. The temperature was monitored and controlled with 

an accuracy of ± 0.02 oC using a Lakeshore 336 temperature controller. 

 

mailto:vinh@vt.edu
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FIGURE S1. DNA – water interactions at megahertz-terahertz frequencies. (A) Absorption coefficient and 
(B) refractive index of pure water and aqueous DNA solutions at 25 oC depend strongly on the frequency 
of the probing electromagnetic wave.  

 

Using the above-described spectrometer and sample cell, we have measured the change of intensity and 

phase in aqueous solutions as a function of the thickness (path-length) of the sample (1-9). The intensity 

and phase of the terahertz radiation passing through a sample are described,  

𝐼trans(𝑙, 𝜈) = 𝐼0(𝜈). 𝑒−𝛼(𝜈).𝑙 ,     (S1a) 

𝜙trans(𝑙, 𝜈) = 𝜙0(𝜈) + 𝑛(𝜈). 𝑙. 2𝜋𝜈/𝑐 ,    (S1b) 

where 𝐼0, 𝜙0, 𝐼trans, and 𝜙trans are the intensity and phase of the radiation before and after the sample, 

respectively. 𝜈, c, l, 𝛼(𝜈), 𝑛(𝜈), and l are the frequency, speed of light, thickness of the sample, and 

absorption coefficient and refractive index as a function of radiation frequency, respectively. When the 

radiation passes through a material, the intensity and phase are changed. Both characteristics have been 

used to define the complex refractive index of a material as follows, 

𝑛∗() = 𝑛() + 𝑖(),      (S2) 

where () is the extinction coefficient of the material and is related to the absorption coefficient through 

𝜅() = 𝑐𝛼()/(4𝜋). We have measured the intensity and phase shift of water and aqueous solutions as 

functions of the path-length, l, at the given temperature. The absorption coefficient and the refractive index 

are determined by the slope of linear fits of ln(𝐼(𝑙, 𝜈)/𝐼0(𝜈)) and (𝜙transmission(𝑙, 𝜈) − 𝜙0(𝜈)) values to 

the path-length, l, respectively, without the need for precise determination of the absolute path-length and 

intrinsic optical properties of the sample cell. The absorption coefficient and refractive index are shown in 

Fig. S1 as a function of frequency for pure water and aqueous solutions at various DNA concentrations at 

25 oC. Note that Eq. S1b does not have a form of (𝑛() − 1) as in other measurements since we measure 

the phase shift when we vary the sample thickness. The standard errors of the mean of replicate 
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measurements are typically smaller than 0.2%. Using the spectrometer, we have measured precisely the 

absorption coefficient and refractive index of the strong absorption materials like water and aqueous 

solutions at the terahertz frequencies (Fig. S1). The error bars of our absorption and refractive index 

measurements are within the thickness of the lines. 

The choice of the thickness of liquid water samples depends on the dynamics of frequency bands and 

the absorption of the material. The thickness varies from 0.5 mm for WR1.0 to 2.0 mm for the WR10 band 

in our system (1). To mitigate problems associated with multiple reflections of the incident light (standing 

waves and etalon effect), the thickness of our shortest path-length was selected to be long enough to ensure 

strong attenuation of the incident radiation (transmission <10−2). At each frequency, we examine an average 

of 100 different path-lengths with increments ranging from 0.1 to 20 μm, depending on the absorption 

strength of the sample. 

 
FIGURE S2.  Examples of fitting to (A) four-Debye and (B) three-Debye models to the dielectric spectra 
of 22.47 µM DNA solution are shown. The corresponding residuals are shown in (C) and (D), respectively. 
The four-Debye model provides a better fit to the dielectric response.   

 

In parallel, the complex dielectric constant of a solution can be expressed as 

𝜖sol
∗ () = 𝜖sol

′ () + 𝑖sol
′′ (),     (S3) 

where 𝜖sol
′ () and sol

′′ () are the real (dielectric dispersion) and imaginary (total dielectric loss) components 

of the relative permittivity, respectively. The imaginary component of the dielectric response of a DNA 

solution contains two contributions, 

sol
′′ () = 𝜖sol

′′ () + 
𝜎
′′() = 𝜖sol

′′ () + 𝜎/(2𝜋𝜖0),   (S4) 
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where 𝜖sol
′′ () represents the dielectric loss, 

𝜎
′′() is the Ohmic loss due to the drift of ions contained in the 

DNA solution, 𝜖0 is the vacuum permittivity, and 𝜎 is the electrical conductivity of the solution. The 

electrical conductivity values of the DNA solutions investigated here are listed in Table S1. The dielectric 

dispersion and loss can be extracted from the refractive index and absorption coefficient through 

𝜖sol
′ () = 𝑛2() − 2() = 𝑛2() − (𝑐()/4𝜋)2           

𝜖sol
′′ () = 2𝑛() ∙ () = 2𝑛()𝑐()/4𝜋 − 𝜎/(2𝜋𝜖0)

  (S5) 

Most biomolecules, including DNA, show a very low absorbance at terahertz frequencies as compared 

to bulk water (10), which explains that the absorption coefficient and refractive index of aqueous DNA 

solutions are only slightly lower than those of pure water and decrease gradually as the DNA concentration 

is increased. Since the polarization relaxation of condensed counterions along a DNA chain (i.e., -

relaxation), the relaxation of permanent dipoles, and the motion of polar groups in the DNA chain (i.e., -

relaxation) occur at frequencies well below 100 MHz (11), their contributions to the dielectric response of 

a DNA solution in the megahertz to terahertz frequency range are negligible and not considered in the 

present work. 

TABLE S1. Parameters extracted by fitting the dielectric response to a model based on four Debye 
relaxation processes. The error for fitting parameters is smaller than 8 %. 

DNA 𝜏TB1 𝜏TB2 𝜏LB 𝜏D ∆𝜀TB1 ∆𝜀TB2 ∆𝜀LB ∆𝜀D 𝜀∞ σ Nhyd 
(µM) (ps) (ps) (ps) (ps)      (S.m-1)  
3.08 

6.15 

13.04 

825 

820 

850 

400 

430 

340 

48 

55 

59 

8.24 

8.21 

8.19 

0.08 

0.14 

0.22 

0.73 

1.35 

2.10 

0.12 

0.33 

0.57 

72.5 

71.8 

70.5 

6.2 

6.0 

5.9 

0.05 

0.15 

0.36 

58 ± 11 

63 ± 8 

65 ±10 

18.21 830 330 45 8.22 0.35 3.00 1.00 69.2 5.2 0.44 64 ± 8 

22.47 835 400 52 8.12 0.60 4.05 1.20 68.0 5.0 0.49 60 ± 6 

27.58 814 419 56 8.17 0.80 4.50 1.40 67.2 4.9 0.56 59 ± 6 
 

The complex dielectric relaxation spectrum of a liquid, in which molecules relax via n individual 

processes, can be fit by the Havriliak-Negami function as (12), 

𝜖∗() = 𝜖∞ + ∑
𝜖𝑗−1−𝜖𝑗

(1+(𝑖2𝜋𝜈𝜏𝑗)
1−𝛼HN𝑗)

𝛽HN𝑗

𝑛
𝑗=1  ,    (S6) 

where ∆𝜖𝑗 = 𝜖𝑗 − 𝜖𝑗+1 is the dielectric strength of the jth process, 𝜏𝑗 is the relaxation time of the jth process, 

and 𝜖𝑛 = 𝜖∞ is the asymptotic dielectric constant at the high-frequency limit capturing contributions of 

polarization modes with frequencies much higher than the probed range. In the equation, 𝜖0 = 𝜖𝑠 is the 

dielectric constant at the zero-frequency limit or the static permittivity and can be represented as 𝜖𝑠 = 𝜖∞ +

∑ ∆𝜖𝑗
𝑛
𝑗=1 . The parameters 𝛼HNj

 and 𝛽HN𝑗
 are distribution parameters and must satisfy 0 ≤  𝛼HN𝑗

< 1, 
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and 0 < 𝛽HN𝑗
≤ 1, respectively. The Havriliak-Negami equation reduces to the Cole-Davidson function 

when 𝛼HN𝑗 (≡  𝛼CD𝑗
) = 0 (13), the Cole-Cole distribution when 𝛽HN𝑗

(≡  𝛽CC𝑗
 ) = 1 (14), and the Debye 

function (15) when 𝛼HN𝑗
(≡ 𝛼D) = 0 and  𝛽HN𝑗

(≡ 𝛽D) = 1. A qualitative comparison between four-Debye 

and three-Debye model fits to dielectric response is demonstrated in Fig. S2. 

Molecular dynamics simulations 

The proximal radial distribution function, pRDF(r), describes the radial distribution of water molecules 

surrounding a surface and can be computed with molecular dynamics (MD) simulations. In order to 

distinguish water molecules in the major and minor grooves of a DNA, we first identify atoms on the DNA 

forming the minor and major grooves. Since the DNA surface of is irregular, we use the distance from the 

oxygen atom of a water molecule to the closest atom (N, O, or P atoms) on the DNA surface as the distance 

of the water molecule to the DNA surface. To calculate the volume of a layer of a given thickness 

surrounding an irregular surface, we adopt the algorithm of Makarov et al., (16) The simulation box is split 

into a three-dimensional rectangular grid. The distances of all atoms on the DNA forming the minor and 

major grooves to the center of each bin are calculated. The closest distance between the bin and the DNA 

surface is used to identify the bin belonging to either the major or minor grooves. Water molecules in each 

bin are also found and the hydration water belonging to the major or minor grooves are thus identified by 

checking if they are in the bins associated to the major or minor groove. Finally, in the calculation of 

pRDF(r), the volume normalization at each distance is done by summing the volumes of all the bins at that 

distance from the DNA surface. 

 
FIGURE S3. DNA-water interactions. Effect of temperature variation. (A) Absorption coefficient and (B) 
refractive index of the 18.21 μM aqueous DNA solution at 5, 15, 25, and 35 oC in the megahertz to terahertz 
frequency range. 
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The orientational autocorrelation function, 𝐶(𝑡), is calculated using 

𝐶(𝑡) = 〈
1

𝑁
∑ 𝜇𝑖(𝑡)𝑁

𝑖=1 𝜇𝑖(0)〉 ,     (S7) 

where 𝜇𝑖(𝑡) is the unit vector along the direction of the instantaneous electric dipole associated with a water 

molecule at time t, and the summation is over all N water molecules in the solution. An ensemble average 

is computed using various states of the system as the initial state at t = 0. Our analyses indicate that 

orientational autocorrelation functions, 𝐶(𝑡), can be fit to a superposition of multiple exponential functions, 

∑ A𝑖𝑒−(𝑡/𝜏𝑖)
𝑖 , with i being the relaxation time of the i-th relaxation mode, and Ai being a weighted 

coefficient for that mode. The identification of multiple relaxation times using 𝐶(𝑡) indicates that the water 

molecules in a DNA solution relax through multiple relaxation processes, reflecting the various interactions 

between water and DNA molecules. 

 
FIGURE S4. Effect of temperature on orientational dynamics. (A) The orientational correlation function, 
C(t), of water molecules within 5.5 Å from the DNA surface in a dilute DNA solution at 5, 15, 25, and 
35 oC, from top to bottom. The fits to Eq. 5 are shown as black lines. (B) The orientational relaxation time 
for the tightly-bound water in the minor grooves, 𝜏TB1, the tightly-bound water in the major grooves and 
around the phosphate groups, 𝜏TB2, the loosely-bound water, 𝜏LB, and the bulk water, 𝜏D, is plotted against 
temperature. The open symbols represent data from MD simulations by computing 𝐶(𝑡) for the water 
molecules within 5.5 Å from the DNA surface and fitting it to Eq. 5 of the main text, whereas the solid 
symbols represent the experimental data from Fig. 4 B of the main text. 

 

The orientational correlation functions, 𝐶(𝑡), of water molecules within 5.5 Å from the DNA surface 

at 5, 15, 25, and 35 oC, computed with data from MD simulations, are plotted in Fig. S4. The fits using a 

superposition of four exponential functions as in Eq. 5 of the main text are also included. As expected, 

when temperature is increased, the orientational relaxation of water molecules becomes faster. The 
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orientational correlation functions can also be computed for water molecules within various distances from 

the DNA surfaces. The relaxation times, 1, 2, 3, and 4, as well as the corresponding strength of each 

relaxation mode extracted by fitting 𝐶(𝑡) to Eq. 5 of the main text are included in Table S2 for a dilute 

DNA solution at 25 oC.  

The vibrational density of states (VDoS) of a DNA molecule is also computed. The DNA molecule is 

separated into a sugar phosphate backbone and side chains including all the base pairs. The VDoS is 

computed by calculating the Fourier transform of the velocity autocorrelation functions for the atoms on 

the backbone and/or the side chains as 

𝐶𝑣(𝑡) = 〈
1

𝑁
∑ 𝑣𝑖(𝑡)𝑁

𝑖=1 𝑣𝑖(0)〉,     (S8) 

where the summation is over all the atoms in the group (i.e., the backbone or the side chains of a DNA 

molecule or both) for which the VDoS is computed. 

TABLE S2. Parameters extracted by fitting the orientation correlation functions to Eq. 5 of the main text, 
which is computed for the water molecules within distance 𝑟 from the DNA surface in a dilute DNA solution 
at 25 oC. 

r 
(Å) 

A B C D 1  
(ps) 

2  
(ps) 

3  

(ps) 
4  

(ps) 
3 0.100  0.240  0.28  0.38  1300 450 37 7.7 

5.5 0.050  0.120  0.21  0.62  1200 335 54 7.5 

10 0.010  0.030  0.12  0.84  1250 320 50 6.7 

14 0.0050  0.015  0.08  0.90  1100 330 49 6.3 

18 0.0050 0.015  0.060  0.92  1050 320 52 6.2 
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