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Abstract

Intrinsic dynamics of DNA plays crucial role in DNA-protein interactions and has been
emphasized as a possible key component for in vivo chromatin organization. We have prepared
entangled DNA micro tube above the overlap concentration by exploiting the complementary
cohesive ends of λ-phage DNA, which is confirmed by atomic force microscopy and agarose gel
electrophoresis. Photon correlation spectroscopy further confirmed that the entangled solutions are
found to exhibit the classical hydrodynamics of a single chain segment on length scales smaller
than the hydrodynamic length scale of single λ-phage DNA molecule. We also observed that in
41.6% (gm water/gm DNA) hydrated state, λ-phage DNA exhibits a dynamic transition
temperature (Tdt) at 187 K and a crossover temperature (Tc) at 246 K. Computational insight
reveals that the observed structure and dynamics of entangled λ-phage DNA are distinctively
different from the behavior of the corresponding unentangled DNA with open cohesive ends,
which is reminiscent with our experimental observation.
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INTRODUCTION

Concentrated polymer solutions are important in technological applications from two
perspectives: synthetic and bio-polymers. For instance, the concentration of DNA in the
nucleus of biological cells is far above the overlap concentration of the corresponding DNA
polymer solution and the hindered motion of the DNA molecules due to the entanglements
may affect the biological function. In the present communication, we use DNA as a model
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for long polymers to investigate properties of entangled polymers in general, because DNA
is an unusually well-characterized bio-polymer regarding molecular structure, dimensions,
charge and stiffness.1 These facts has been exploited in DNA-based studies of the
rheological properties of dilute and semi dilute polymer solutions.2 The effect of DNA
concentrations on the twisting and tumbling of short pieces of DNA has been investigated
by steady state fluorescence spectroscopy.3 Although the structure4-7 and global chain
dynamics8,9 of concentrated DNA-solutions have been investigated in detail, comparatively
little is known about the local DNA chain dynamics under such conditions. This served as
the motivation to undertake the present study on the effect of increasing concentration on the
structure and dynamics of long chromosome-sized DNA. We are particularly interested in
differences in bending characteristics of λ-phage DNA upon entanglement due to the fact
that bending of duplex DNA has proven to be playing a crucial role in binding with
important proteins.6,7

To obtain long DNA polymers we use λ-phage DNA, a double-stranded DNA molecule
with a contour length of roughly 16.5μm.10-12 Mature λ-phage DNA, as extracted from the
phage, is a linear duplex of some 48,500 uniquely ordered base pairs with a 12 nucleotides
long protrusion at both the 5′-ends.10-12 These cohesive ends are complementary to each
other. Thus, at room temperature the end-group of one duplex adheres spontaneously to the
opposite end of another DNA molecule to form the extended (concatemeric) linear polymer
chains.13-15 The contour lengths of these DNA micro tubes are counted in multiples of the
λ-monomer size which formed the entangled molecules. Importantly, the end-to-end
linkages are reversibly broken at 65 °C because the cohesion is based on a limited number of
hydrogen bonds.14, 15 Even to a lesser extent, circular macromolecules can be formed, with
the joining of the end-groups of a single chain16-19 or those of an extended chain.13-15

However, in concentrated solution, spontaneous adhesion of the end-groups of different
chains interconnects many λ-phage DNA molecules, resulting in a heavily entangled
network, thereby making the solution gel-like.14, 15

The omnipotence of water has exerted a profound influence on the function, specificity and
progressive development of DNA stability. Studies on hydrated state are important for better
understanding of structure and function of a DNA molecule.20-26 The influence of water on
the conformation and interactions of nucleic acids has attracted much attention ever since
the discovery of the fact that the structure of DNA is related to the relative humidity.20 It is
known21 that minor groove hydration plays an important role for the structural integrity of
duplex DNA. Bound water molecules (corresponding to 30 water molecules per base pair)
form a glassy region around DNA and this intervening shell of glassy water links the pure
ice and the DNA strands below the glass transition temperature.26-28 Nevertheless, much
remains to be understood about the structure and dynamics of both hydrated groove and
surface region of DNA, their significances and differences. Hence we undertook a
preliminary investigation on the dynamics of λ-phage DNA in hydrated state.

Four issues about structure and dynamics of λ-phage DNA in aqueous solution and hydrated
state have been addressed in this paper:

1. “How the structure and size-distribution of the entangled λ-phage DNA vary
compared to the unentangled one”, were investigated using atomic force
microscopy (AFM) and agarose gel electrophoresis (AGE), respectively.

2. “To what extent these structural variations alter the dynamics of entangled DNA”,
were studied by photon correlation spectroscopy (PCS).

3. “What are the different types of bends induced by the entanglement on the λ-phage
DNA molecule and the relation of the bends to the local structural variations”, were
investigated using computational chemistry.
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4. “What is the nature of the dynamic behavior of λ-phage DNA in 41.6% (gm water/
gm DNA) hydrated state and is this dynamics coupled to its surrounding
environment”, was studied by differential scanning calorimetry (DSC).

Entangled λ-DNA solutions were prepared above the overlap concentration, c*(30-50 μg/
ml)10-12 of λ-phage DNA, and subsequently diluted before the investigations. We
demonstrate here that the initially entangled solutions retain an entangled network even
when the solutions are diluted below c* due to the hybridized DNA molecules, in contrast to
that of the unentangled DNA solutions obtained with a quenching method.10-12,14-17

Furthermore, we show that the hydrodynamic correlation length of the entangled network is
less than the hydrodynamic diameter of one λ-phage DNA molecule, reflecting a structural
memory of the coil-overlapping conditions during sample preparation.

EXPERIMENTAL

Materials

The λ-phage DNA was received from Sigma-Aldrich in lyophilized (freeze-dried) form.
Agarose was obtained as powder from Pronadisa, and low-melt agarose powder was from
Biorad. For the size-standards for the gel electrophoresis, a pre-formed λ-ladder in gel plugs
(New England Biolabs) was used with a total DNA concentration of 50μg/ml.

Aqueous entangled solutions of λ-phage DNA were prepared by dissolving the lyophilized
DNA in TE buffer (10 mM Tris-HCl, 1 mM EDTA) with 100 mM NaCl added, for at least
five days at room temperature.14-17 In order to facilitate adhesion of the end-groups between
different DNA molecules, the concentration (c) was adjusted to be 6000μg/ml, which is
more than one hundred times higher than the overlap concentration c*≈ 40μg/ml.11 The
solutions were thereafter diluted with TE buffer to 300μg/ml, 150μg/ml, 140μg/ml or 20μg/
ml. Reference samples of unentangled DNA molecules were obtained by disjoining the
cohesive ends through heating the samples at 65 °C for 10 minutes and quenching them in
an ice bath (hereafter referred to as “quenched” samples).13,18,19 The quenched and
unquenched samples of the λ-DNA were repeatedly examined using both AFM and PCS
during one month after preparation, as well as by gel electrophoresis.

Photon Correlation Spectroscopic Measurements

For observation of the DNA polymer dynamics, PCS was performed at 25 °C using a
frequency doubled Nd-Vanadate laser (Coherent Inc.), operating at 532 nm and a correlator
(ALV-5000/FAST), as a function of the scattering wave vector, q. The samples were
prepared by adding an unquenched solution at 20μg/ml or 140μg/ml or a quenched solution
at 20μg/ml into a cylindrical sample cell. To check whether the investigated DNA solutions
did not contain any dust particles that affect the PCS data, a portion of the quenched solution
(at 20μg/ml), that is a solution of unentanlged and non-overlapping λ-DNA chains, was
filtered with 0.65μm Millipore membrane (Ultrafree-CL) without any external pressure. The
PCS data of the filtered solution was found to be identical within errors to that of the
unfiltered solution.

Differential Scanning Calorimetric Measurements

Lyophilized λ-phage DNA (lot # 054K9089) was a product of Sigma. The dry DNA from
the bottle was used for the experiments as the dehydrated sample. Hydration was done by
keeping the dry DNA in a desiccator containing a saturated solution of NaBr to achieve the
relative humidity 57%.20 Under this condition, after seven days the DNA was hydrated to a
level of 41.6% (weight of water / weight of DNA). We chose to undertake the present
preliminary investigation on this hydrated DNA in order to understand dynamics of DNA
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and its surrounding solvent, and how they are related to each other. The final hydration level
of around 0.4 was appropriate because we wanted to have the amount of non-crystalline
water at the highest possible level without forming a lot of bulk ice in order to maximize the
dynamics of DNA (which increases with increasing amount of amorphous water). Thus, our
aim was to have as high hydration level as possible without forming a large quantity of bulk
ice, and to be as close as possible to this goal a relative humidity of 57% was the best
choice. Dehydrated and hydrated DNA samples were then used for differential scanning
calorimetric (with TA instruments, DSC Q 1000). The behavior of λ-phage DNA with
increasing temperature was studied by DSC at the heating/cooling rate of 10 °C/min. All
experiments were carried out between −150 °C and 95 °C. Hermetic pans with a sample
volume of about 20μl were used for all measurements. The reference cell was an empty
hermetic pan with which the instrument was previously calibrated. Each set of experiments
were repeated three times in order to satisfy the reproducibility of the data. The program
Universal analyses 2000 was used to determine the transition temperature in each case.

AFM measurements

The AFM experiments were performed at room temperature using a PicoSPM microscope in
conjunction with a multipurpose large-area AFM scanner, both from Agilent Technologies
(formerly Molecular Imaging, Inc.). All images were acquired in constant-force contact
mode using commercially available tips and cantilevers with spring constants k ≤ 0.03 N/m
(MSCT-AUHW Microlevers™, Veeco Europe, France). Typical scan rates were 1-2 lines/s.
In order to avoid build-up of multi layers of DNA molecules on the AFM substrates, the
quenched and unquenched solutions at 20μg/ml were diluted to less than 0.1μg/ml by
adding TE buffer. The DNA molecules were immobilized on 3-aminopropyl-triethoxysilane
(APTES; Sigma-Aldrich) modified muscovite mica (Mica New York Cooperation, USA)
substrates. While APTES modification of mica is traditionally carried out in vapor phase,29

we used here a solution-based approach as developed by Liu et al.30-31 Freshly cleaved mica
substrates of 15 mm × 10 mm size were installed in an open AFM liquid cell and exposed to
a solution of 0.1% (v/v) APTES in ultrapure, de-ionized water with resistivity > 18 MΩ/cm
for 10 minutes and then rinsed with TE buffer. The APTES-modified substrate was exposed
to the DNA-solution for 45 minutes, followed by careful rinsing with TE buffer and
subsequent drying in air for 60 minutes. Before the liquid cell was mounted into the
instrument, fresh TE buffer was slowly added to the liquid cell. All images were thus
acquired in TE buffer.

Agarose gel electrophoresis (AGE)

Agarose gel electrophoresis was used to measure the length-distribution of the hybridised λ-
phage DNA. As discussed in detail below, the hybridization was performed inside gel plugs
in order to avoid artefacts during the electrophoretic analysis that may arise from gel-
trapping of entangled DNA molecules. Agarose gel plugs for DNA hybridization32 were
formed by mixing equal volumes of a λ-DNA solution quenched at 300μg/ml and a 1.5%
low-melt agarose solution at 50 °C, all in TE-buffer. The mixture was allowed to solidify
into 0.75% gel-plugs inside a 1 ml plastic syringe kept at ice for 1 hour before the gel plugs
were ejected manually and stored in TE-buffer at 8 °C. For DNA-hybridisation a gel plug
was transferred to TE-buffer at 20 °C, and aliquots in terms of 2 mm gel-slices were cut
from the gel plugs at suitable time intervals for up to one week, and the slices were stored at
8 °C until the electrophoretic analysis was performed. Notably, the hybridisation product
cannot be diluted inside the gel plugs, so the DNA concentration is fixed at 150μg/ml.

The hybridizedλ-phage DNA samples, as well as the reference sample quenched in solution
at 150μg/ml, were analysed in 1% agarose gels by pulsed field gel electrophoresis33 at 6 V/
cm, using a 120° field angle and a pulse duration Tp = 30 s. All gel experiments were
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performed in TBE buffer (50 mM Tris, 50 mM Boric acid, 1.25 mM EDTA) at 17 °C. Gels
were post-stained with ethidium bromide for 1 hour, and the fluorescence intensity was
measured with a Fluoroimager 595 gel scanner (Molecular Dynamics) using 514 nm
excitation and a 610 nm long pass emission filter.

Sequence analysis and calculation of structural parameters

A full-length sequence of Enterobacteria phage lambda complete genome (gi|215104|), with
48,502 nucleotides long genomic sequence, was obtained from NCBI using entrez search
facility. A cumulative GC profile was calculated using GC-profile web-server.34 All the
structural parameters of the λ-phage genome were calculated using the DNAlive web
interface.35 Due to the limitation in the online server, analysis was performed on a 29 kb λ-
phage genome.

Curvature and bendability calculation

The curvature and bendability of the λ-phage genome were calculated using both the
DNAlive35 and the bend-it36,37 web-server.

Calculation of energetic and dynamics of entanglement

λ-phage DNA has 12 nucleotide long cohesive ends. Structures of free cohesive ends and
the entangled regions in A, B and Z DNA form were built from the sequence using
HYPERCHEM molecular building interface using nucleotide databases. Structures were
solvated in a periodic box containing 980 water molecules. Each structure was then
subjected to minimization using AMBER94 force field implemented in HYPERCHEM. The
enthalpy of formation of entangled DNA (ΔE) was calculated using the following equation
and is shown by the Scheme 1 below.

(1)

Where Eentangled DNA, E3′ sticky ends and E5′ sticky ends are the minimum energies of the
entangled DNA and the free 3′- and 5′-sticky ends respectively. Calculations were
performed on cohesive ends only.

Normal-mode calculations of the λ-phage DNA were carried out using the ElNémo online
server.38 3-D structures were built using HYPERCHEM model builder and subsequently
minimized in water using AMBER94 force fields.

Given the coordinates of the DNA, ElNémo builds an elastic network model by using a
harmonic potential with a single force constant to account for pair-wise interactions within a
cut-off distance. The potential used to build the elastic network representation is:38

(2)

where dij is the distance between the dynamical coordinates of the ith and the jth atom, and d
°ij is the distance between the same pair, as given in the structure. C is the spring constant of
the Hookean potential (assumed to be the same for all interacting pairs) and Rc is an
arbitrary cut-off distance beyond which interactions are not taken into account (ElNémo
uses a default cut-off of 8 Å). Default values of the amplitude range and the increment were
used to calculate the 100 lowest frequency normal modes. The first six trivial normal modes
are discarded because they represent only translation and rotational movement of the
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biomolecule. So, modes 7-106 have been analyzed further. Later in this communication,
mode 7 has been referred as the lowest frequency mode and other modes have been
numbered accordingly.

Chromatin dynamics

Chromatin dynamics was performed using DNAlive.35 Upon giving a DNA sequence,
DNAlive produce a rapid representation of chromatin dynamics using mesoscopic
Metropolis Monte Carlo algorithm, where the geometry of each base pair is defined by three
local rotations (roll, tilt and twist) and translations (slide, shift and rise), and the
conformational energy is estimated from the deformation matrix using a harmonic model
(represented by equation 3), where the index ‘k’ stands for one of the M base pair steps and
the index ‘l’ stands for the six unique helical parameters (ζ) for each step. The equilibrium
value for one helical parameter in a given base pair step type (ζ0

kl) and the associated
deformation constant (Kk,l) were previously determined from molecular dynamics
simulations.35 Once a movement in helical coordinates is accepted by the Metropolis test,
the corresponding Cartesian structure of the fiber is generated.

(3)

RESULTS AND DISCUSSION

Structure of entangled and unentangled λ-phage DNA

Figure 1 presents the AFM height images of the quenched (A) and unquenched (B) DNA
molecules immobilized onto APTES-modified mica sheets. The quenched (Q) DNA
molecules are found as evenly distributed, isolated chains. The observed appreciable
elongation is probably due to liquid flow, which occurred when the solution was added on
the AFM substrate to immobilize DNA molecules on the surface. In fact, this elongation is a
strong evidence that the molecules are not entangled. The unquenched (uQ) DNA
molecules, on the other hand, are typically found as large clusters consisting of a large
number of DNA molecules (Figure 1B shows the vicinity of the edge of the clusters). The
typical mesh radius (≈ 0.1μm) is less than the radius of gyration, Rg, (≈ 0.5μm)11 of a
single λ-DNA molecule. Since the concentration used here is far below the overlap
concentration c* (≈ 40μg/ml),11 it is clear that the observed networks are not a result of
single DNA molecules being coincidentally overlapped but a direct consequence of the
molecules in solution being heavily entangled.

Agarose gel electrophoresis (Figure 2) was used to monitor the lengths of the unquenched
(uQ) and quenched (Q) λ-DNA. In the gel-image (Figure 2A) the uQ-zone is more extended
than the Q-sample, indicating that hybridization results in longer DNA polymers. Absolute
sizes were estimated by comparison with a λ-ladder standard (St), which is resolved up to
the 12-mer carried out under the present AGE resolution. The uQ- and Q-samples both lack
the discrete zones seen with the size standard, an effect which we ascribe to an intentional
DNA-overloading on the gel. In order to approach the conditions used to prepare the AFM
and PCS samples the uQ-sample was hybridized at a DNA-concentration (150μg/ml), which
is three times that of the size standard. This higher concentration is expected to lead to
overlapping of bands, and the overloading effect will be even more severe for the Q-sample
because the same amount of DNA is concentrated into a narrower zone (Figure 2A).

From the intensity profiles (Figure 2B) it is seen that the uQ-zone extends from the λ-
monomer to about the decamer (485 kb). Since a higher DNA concentration promotes
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hybridization8,16 the samples prepared for PCS and AFM at 6000μg/ml are expected to
contain λ-concatamers at least as long as the 10-mer.The Q-zone is seen to extend up to the
λ-dimer, but it should be kept in mind that the mobility in pulsed field electrophoresis
decreases with increasing DNA concentration.39 In fact, the Q-sample is at a concentration
(150μg/ml) where the λ-monomer mobility is about 30% lower compared to a dilute sample
(20μg/ml).39 The Q-zone position in Figure 2 is thus consistent with that quenching
produces only monomeric λ-DNA. This is also supported by the observation that a
decreased loading of the Q-sample resulted in a narrower zone which co-migrated with the
λ-ladder monomer (Results not shown).

It should be noted that AGE was used to measure the lengths of the hybridized λ-phage
DNA, not to study the DNA-networks that arise when such long molecules become
entangled (c.f. Figure 1). Indeed, such networks are unlikely to enter the gel because their
mesh-sizes (0.1μm) are comparable to the radius-of-gyration of DNA circles known to be
arrested by impalement on agarose gel fibres.40 The in-gel hybridization approach (see
Methods) was used to minimize DNA-DNA entanglements, so that the DNA size-
distribution could be measured by gel electrophoresis without interference from such gel-
trapping.

Dynamics in entangled and unentangled λ-phage DNA solution

The g1(q, t) functions were obtained using the Siegert relation32: g1(q, t) = [(g2(q, t) – 1)/
σ]0.5, where is g2(q, t) is the intensity autocorrelation function directly obtained from the
correlator, and σ the instrumental coherence factor that was set to unity. To ensure the
reproducibility of the data, different scattering volumes in the samples have been also
detected. The scattering wave vector was determined using q = (4πn/λ) sin(θ/2), where n is
the refractive index set to 1.33 (pure water), λ the wave length of the laser (= 532 nm), θ the
scattering angle.

Figure 3 shows typical field correlation functions, g1(q, t),41,42 for the quenched and
unquenched DNA solutions. The observed relaxation process is normally attributed to the
collective dynamics of the polymer network, often observed as a simple exponential decay
in synthetic polymer solutions.41 However, the observed process is a short-time exponential
decay that develops to a broad relaxation decay. The whole process is well described by the
empirical function:43

(4)

with three parameters A, a and τ, which are the amplitude, the shape parameter, and the
characteristic relaxation time, respectively. This function has two features: (i) an exponential
decay g1(q, t) ~ exp [−t(1+(1-a)0.5)/τ] at short times (t<<τ), and (ii) a power law decay g1(q,
t) ~ (t/τ)−a at long times (t>>τ). The complex decay observed here is expected not only due
to an additional slow process for the stress relaxation of the heavily entangled system44 or
the gel-like system, often observed as a power law decay,45-47 but also due to the single
chain dynamics on length scales of the order of the wave lengths of visible light.41 As
exemplified in Figure 3, the decay at high q for the quenched DNA at 20μg/ml, where the
DNA experiences the least inter-chain interaction, can be roughly described by the classical
model for internal dynamics of a single chain, the so-called Rouse-Zimm model.41 On the
other hand, the decay at low q for the unquenched DNA at 140μg/ml, where strong
entanglement effects are expected, is found to exhibit a broad relaxation with a power law
decay having a small a (≈ 0.2), similar to those of other gel-like materials,45-47 while the
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decay at high q and low c yields a narrow relaxation which results in a large a (= 0.75 ±
0.25).

The obtained initial relaxation rates, Γ = [1+(1-a)0.5]/τ, are found to be within errors equal to
results from conventional initial slope analyses,41,42 and the empirical function, which
covers the complete time range and includes only three parameters, results in higher stability
in the fitting procedure. Figure 4 shows the q dependence of the reduced relaxation rates,
Γred = η0Γ /(kBTq3), for the quenched and unquenched DNA solutions. Here, η0 is the
viscosity of pure water, kB Boltzmann’s constant, and T the absolute temperature. We find
no appreciable q dependence for the quenched solution (A) whereas clear q dependence is
found for the unquenched solutions (B and C). According to de Gennes’ theory of polymer
solutions,41,48,49 the q dependence of Γred provides fundamental information of dynamics. If
we consider entangled DNA solutions at c<c* at short times, the classical hydrodynamic
interaction of a single chain, the so-called Zimm dynamics, is expected on length scales
smaller than the mesh size of the entangled network since the segment of the DNA can be
regarded as an isolated chain within the mesh. In the corresponding q range, Γred is thus
predicted to have a constant value, i.e., Γred ~ q0. (Note that Γred, by definition, has q0

dependence when Γ has q3 dependence.) On larger length scales, collective diffusion is
anticipated at short times since the DNA then experiences random interaction with other
chains. Therefore, at small q values, Γred is expected to be observed to be inversely
proportional to q, i.e., Γred ~ q−1, provided that the reciprocal of the mesh radius is larger
than the smallest q value in the present study. On the other hand, in unentangled DNA
solutions at c<c*, Zimm-like behavior is expected up to the length scale of the
hydrodynamic radius, Rh ≈ 0.3μm, of a single λ-DNA molecule, since the network is
absent. Here the hydrodynamics radius was obtained using the theoretical relation44 Rh ≈
0.6 Rg for linear chains in a good solvent and Rg ≈ 0.5μm.11 Γred is thus anticipated to be
constant, i.e., Γred ~ q0, over the whole investigated q range since the reciprocal of Rh is
equivalent to the smallest q value in this study. Subsequently, the observed Γred ~ q0 for the
quenched DNA solution at 20μg/ml (see Figure 4A) indicates that the quenched DNA is
unentangled, in accordance with the structural information from AFM and AGE, although
the data are scattered due to the low DNA concentration.

On the other hand, the observed clear q dependence of Γred for the unquenched DNA in
solution at 20μg/ml and 140μg/ml (see Figure 4B and C) indicates not only the presence of
the entanglement but also the mesh radius of the entangled network on smaller length scales
than Rg, in good agreement with AFM results. This is shown in curve-fits using two
theoretical power laws for entangled DNA solutions at c<c* (see Figure 4), giving a good
description with similar parameters for both unquenched solutions. According to arguments
by de Gennes,41,48,49 collective dynamics at short times in entangled DNA solutions with
the mesh size smaller than Rh is not substantially affected by inter-chain interaction even at
c>c*, in sharp contrast to the behavior of conventional polymer solutions. Collective
dynamics dramatically changes at even higher concentrations, where the collective dynamics
is strongly affected by the presence of other DNA segments between entanglement points.
From the crossover wave vector between the observed two regimes (see Figure 4B and C),
the entanglement radius, ξE, is roughly 0.15μm where ξE was obtained through ξE = 1/q0.36

The dynamical transition is therefore expected slightly above 140μg/ml, since the average
inter-chain distance reaches 2ξE roughly at 200μg/ml.29

Dynamic transitions in supercooled hydrated λ-phage DNA

Figure 5 presents the behavior of λ-phage DNA at the hydration level of 41.6% (gm water/
gm DNA) when the temperature was increased from 123 K to 368 K. As is seen in the
figure, there are three different transitions occurring within this temperature range. The one
which occurred at the lowest temperature at ~187 K is interpreted as a dynamic transition
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Tdt, of the biopolymers, as proposed by Rasmussen et. al.50 At low temperatures (below 170
K, which is the onset of glass transition in Figure 5) a fraction of the bound water, especially
in the first hydration shell, of DNA exists in the glassy state.51,52 The largest number of
hydrogen bonds between the polar atoms of the oligonucleotide duplex and the surrounding
water molecules is present at these low temperatures, forming a glassy layer around the
DNA helix. However, at about 170 K (see the endothermic process in Figure 5) this
hydration water undergoes a glass transition, due to the ‘melting’ of these hydrogen bonds of
bound water molecules on the surface of the DNA.51,52 This ‘melting’ gives rise to a change
in the overall global helicity of the DNA duplex, which is, in this case, the well defined
dynamic transition50 of the DNA duplex (shown as the exothermic peak at about 187 K in
Figure 5). Thus the glass transition of the hydration water is coupled with the dynamic
transition of the DNA. When we did a similar study using dehydrated DNA, this behavior
could not be observed which agrees well with the idea that the dynamic transition is
suppressed in dry biopolymers.53 The normal outer ice region on the backbone of the DNA
melts at 246 K, as shown in Figure 5. This temperature can be characterized as a crossover
temperature (Tc) for the water molecules in the second and above layer of hydration around
the duplex, as suggested by Sokolov et al.51 These interactions of the solvent water
molecules with the DNA duplex was examined by the nature of the interaction between the
polar atoms of the oligonucleotide duplex and the water molecules. This can be done by
taking the ratio of Tc and Tdt and Tc/Tdt = 1.31, which suggests the prevalence of ionic
interactions in the microenvironment as is described by Sokolov, A. P.54 These behaviors
clearly demonstrate that the dynamics of the biomolecule DNA is dictated by the motion of
its surrounding water molecules at all temperatures. At the higher temperature of 355 K
(Tm), the thermal melting (breaking of the H-bonds between the base pairs) of the λ-phage
duplex DNA takes place (as presented in Figure 5) and the DNA denatures to form single
stranded DNA.

Sequence and structural analysis of λ-Phage DNA

Structural dynamics of DNA is highly sequence dependent and the gross structural
properties and large structural transitions are encoded into the physical properties of its
sequence. We mapped the variation of nucleotide distribution on the λ-phage genome by
analyzing the cumulative GC profile to understand the structure-function correlation of the
genome. The GC profile of phage genome shows an interesting feature as shown in Figure 6.

The overall GC content of λ-phage genome is high. The initial 21.5 kb region of the phage
DNA is very GC rich with 56.9% GC content and the remaining sequence has an average
GC content of 44.2%. The GC content varies in different organisms and is a signature of
selection processes during evolution. The cumulative GC profile reveals that in the initial
21.5 kb sequence there is a continuous rise in GC content. At 21.5 kb (the square on the
curve in Figure 6) there is an abrupt drop in the cumulative GC profile, indicating that there
is a clear boundary between the genomic islands. This point of the negative cumulative GC
profile, called segmentation point, is a clear indication of genomic boundary that may result
due to the horizontal gene transfer signifying functional relevance and signature of
evolution. Throughout the phage genome there is only one segmentation point according to
the GC profile. This point divides the phage genome into two distinct regions of different
physical properties. It is known that DNA with high GC-content is more stable than DNA
with low GC-content. We have analyzed various physical and structural parameters of initial
29 kb genomic sequence of phage genome due to limited computational resources. Our main
focus was to analyze the effect of segmentation on the physical properties of phage DNA,
and therefore we include an additional 7.5 kb genomic sequence of phage DNA after the
segmentation point at 21.5 kb, such that we can visualize both sides of the segmentation
point on the basis of physical parameters. Figures 1S (A and B) show the plot of duplex
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disruption and stabilization free energies versus number of bases where it is clear that the
section before the segmentation point is more stable compared to the rest of the genome.

Bendability and curvature analysis of λ-phage DNA

The variation of DNA bendability and its associated parameters along the λ-phage genome
is depicted in Figure 7. Due to the biphasic distribution in the GC content of the phage
genome, it possesses also a biphasic pattern of DNA bendability. The absolute value of the
bendability correlates positively with the GC content; whereas the curvature correlates
negatively as is mentioned by Vinogradov55 and supported by Figure 2S. The calculation of
DNA bendability of phage genome reveals that it possesses an overall symmetric
bendability distribution. Thus, the phage genome is expected to be rigid in solution. In this
context it is important to mention that the sequences before the segmentation point, i.e. in
the high GC content region has a more symmetric distribution of DNA bending propensity,
while for the remaining of the phage genome, an anisotropic bending distribution was
observed.

Figures 7B and C display that two parameters, the stacking energy and the propeller twist,
are highly correlated with the bendability of DNA. The GC rich region has an average base
pair stacking energy of −9 to −9.5 kcal/mol. It is known that on a dinucleotide physical scale
the GC pair has the highest stacking energy of −14.6 kcal/mol, while the AT pair has the
lowest stacking energy of −3.82 kcal/mol.56 The presence of G and C enhances the base
stacking energy. A clear biphasic sequence profile of phage DNA also significantly affects
the two parameters; stacking energy distribution and propeller twist profile. The GC rich
section has an average melting temperature of 82-85 °C while the AT rich region possess an
average melting temperature of 74-77 °C according to Figure 7D. This is in agreement with
our experimentally observed melting temperature of λ-phage DNA of 82 °C in Figure 5.

Low frequency normal mode dynamics of λ-phage DNA at the segmentation point and
upon entanglement

The 21623th sequence of phage DNA is the segmentation point. We have simulated 30 base
pairs from both sides of the segmentation point using an elastic network model considering
the cohesive ends in entangled form. Large scale dynamics of long stretches of DNA
sequences has been successfully modeled as a worm-like chain. So, we applied a simplified
elastic network model to capture the dynamics of the DNA around the segmentation point.
Deformations have been generated along the low frequency vibration modes using the
duplex DNA. First three orthogonal Cartesian translations and rotations of the molecule as a
whole around the principal axis of its inertia tensor of the molecule are not considered. It has
been observed that the calculated low frequency modes of DNA are collectively associated
with large scale changes in the three dimensional structure. The five lowest frequency
modes depict the symmetric vibration of the duplex DNA along its helical axis. Thus, a
symmetric bending was observed by simulating the DNA around the segmentation point in
its lowest frequency vibration mode (Figure 8). It is pertinent to mention that when DNAs
are entangled, the AT rich section from one phage DNA align with a GC rich section of
another phage DNA to join. In this way a segmentation point is added, which allows a
symmetric bending pattern of λ-phage DNA.

Energetics, structure and chromatin dynamics of free and entangled λ-phage DNA

λ-phage DNA has free sticky ends that readily hybridize to form entangled DNA. We have
calculated the enthalpy of formation of entangled phage DNA in different forms and the
results are summarized in Table 1.
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It is evident from the table that the entangled DNA most probably adopts B-DNA
conformation, which is energetically most favorable, while the entangled region has the least
probability to adopt A-DNA conformation. Critical insight into the entangled DNA
structural parameters reveal that the average value of rise increases to 3.67 Å (compared to
3.3 Å in B-DNA) and twist angle decreases to 31.57° (compared to 36° in B-DNA),57

thereby making the entangled DNA’s appearance to be stretched. The duplex entangled
DNA appears to be little longer in the major groove and compressed minor groove than the
standard B-form of DNA. Base pairs in the entangled form have the usual Watson-Crick
hydrogen bonding pattern, but the free end bases are more flexible, as shown in Figure 9A.

The free cohesive end of the λ-phage DNA also appears to be little stretched, specially the
3′-end, where the backbone is deformed making the stacking of the bases difficult. So in
Figure 9A, the last two bases at 3′-end are tilted away from the helical axis. Thus, it is
evident from the structural and energetic parameters that free cohesive ends are more
flexible and bendable, and hybridization in a B-form reduces the deformation as the ends are
packed by hydrogen bonding interactions. To further study the effect of entanglement on the
bendability pattern of the λ-phage DNA, we studied chromatin dynamics of the free and
entangled phage DNA using DNAlive web interfaces and the results are displayed in Figure
9. DNAlive produces a rapid representation of chromatin dynamics, which showed a
surprisingly high accuracy of the essential deformation pattern of DNA. As evident from
Figure 9A right, the dynamics is highly distributed in a spherical manner in unentangled
DNA. Thus all possible bending and curvatures can be observed in the chromatin dynamics
distribution. On the other hand, as is presented in Figure 9 B right, when the DNA is
entangled, the DNA bending stiffness increases and comparatively linear chromatin
dynamics distribution is observed around the midpoint of the DNA fragments, which is
basically the segmentation point in this case. This gives rise to the symmetric bending
distribution around the segmentation point in entangled DNA which supports observations
from Figure 8.

CONCLUSION AND SUMMARY

We have investigated the structure and dynamics of entangled and hydrated chromosome-
sized DNA using experimental and theoretical perspectives. The present study demonstrates
the following: When long DNA molecules are formed by hybridization of the cohesive ends
of λ-phage DNA at high concentrations, the resulting macromolecules show signatures of a
heavily entangled network in both structure and dynamics, even after the dilution of the
same DNA solutions below the overlap concentration c*of the λ-phage monomer. Such a
structural memory indicates that the disentanglement upon dilution is very slow, at least on
the time scale of several weeks. This observation is indicative of the entangled DNA-
polymers of sizes at least up to the λ-phage decamer, corresponding to contour lengths of
several hundred micrometers. The global transition of the 41.6% hydrated λ -phage DNA is
coupled to the dynamics of the surrounding water molecules, as evident from the ratio of the
crossover temperature and the dynamic transition temperature, where a value of 1.31
indicates the presence of strong ionic interactions between DNA and its microenvironment.
Sequence analysis reveals a biphasic cumulative GC content distribution in phage DNA,
which dictates structural and functional properties of λ-phage genome. Theoretical
modeling and molecular mechanics calculations reveal that the entangled region most likely
adopts a B-DNA conformation and upon entanglement a symmetric bending distribution has
been observed in this region. The results obtained in our study constitute the fundamental
elements for grammar recognition, by which a DNA duplex talks to protein. These important
elements open new perspectives to a better understanding of the effect of different
parameters on DNA mechanical properties and a way to modulate it, empowering the
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existing knowledge of DNA-protein interactions involved in genome regulation and
packaging.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Typical AFM height images of structures for quenched (A) and unquenched (B) λ-DNA
molecules at 0.1μg/ml in solution after immobilization onto APTES-modified muscovite
mica sheets. Images were second-order plane-fitted using the Scanning Probe Image
Processor (SPIP; Image Metrology Inc., Denmark). The scan size was 10μm, and the height
scale is 6 nm for both images.
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Figure 2.
Analysis of the agarose gel electrophoresis pattern of hybridized λ-phage DNA. The
unquenched sample (uQ) was hybridized for 7 days at 20 °C (see text for details), the
quenched sample (Q) was heated for 65 °C for 10 minutes before loading on the gel. The
total DNA concentration was 150μg/ml in both cases. (A) Gel image was taken after
ethidium bromide staining. The λ-ladder molecular weight standard (St) contains the
oligomers indicated by the numbers on the left. (B) Intensity profiles along the full width of
the lanes in (A). Electrophoresis conditions: 1% agarose, 120° pulse angle, Tp = 30 s, 6 V/
cm, 17 °C, 16 hours running time.
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Figure 3.
PCS data of typical field correlation functions, g1(q, t), at 25 °C for quenched (A) and
unquenched (B) λ-phage DNA solutions. Left column is for q = 0.0041 nm−1 and right
column is for q = 0.022 nm−1. The concentrations are 20μg/ml for the quenched DNA
solution (A), and 20μg/ml (top) and 140μg/ml (bottom) for the unquenched DNA solutions
(B). Here, q is scattering wave vector, and t time. The thick solid lines represent curve-fits
using Equation 4. The thin solid lines represent curve fits using the Rouse-Zimm model with
exp[−(t/τ0)2/3], where τ0 is the relaxation time,32 while the dashed lines represent curve-fits
using a pure exponential decay.
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Figure 4.
The scattering wave vector, q, dependence of the reduced relaxation rates, Γred, at 25 °C for
quenched (A) and unquenched (B) λ-DNA in solution at 20μg/ml, and the unquenched
DNA solutions at 140μg/ml (C). The solid lines represent curve fits using Γred = Γref0q0q−1

(q<q0) and Γred = Γred0 (q ≥q0), where q0 is the crossover wave vector indicated by the
arrows. The dashed lines are extrapolations of the power laws into the neighboring regime.
For the quenched DNA solution in panel A, we do not observe any appreciable crossover
and Γred0 is 0.017 ± 0.001. For the unquenched DNA solutions in panels B and C, Γred0 =
0.023 ± 0.001, q0 = 0.0060 ± 0.0005 nm−1 (20μg/ml) and Γred0 = 0.026 ± 0.001, q0 = 0.0053
± 0.0002 nm−1 (140μg/ml).
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Figure 5.
Study of the dynamic transition (Tdt = 187 K), the crossover temperature (Tc = 246 K) and
the thermal unfolding leading to denaturation (Tm = 355 K) of 41.6% hydrated (w water/w
DNA) λ-phage DNA by differential scanning calorimetry. The cooling/heating rates were
10 K/min. Inset: The temperature range around the dynamic transition is highlighted.
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Figure 6.
Cumulative GC profile of λ-phage genome. The square shows the segmentation point on the
λ-phage genome.
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Figure 7.
Variation of bendability (A) and its associated parameters e.g. base pair stacking (B), DNA
propeller twist (C), and melting temperature (D) along the 29 kb λ-phage genome.
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Figure 8.
Deformation of λ-phage DNA around the segmentation point (60 base pair), simulated in its
lowest frequency normal mode using an elastic network model. Bending axis is shown in
yellow.
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Figure 9.
Left (A and C): Structures of cohesive end which are generated using the 3DNA web-
server.58 Right (B and D): Chromatin dynamics of λ-phage DNA which are performed
using DNAlive web-server. A and B represent unentangled while C and D display entangled
forms respectively.
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Scheme 1.
A: Typical diagram of an entangled λ-phage DNA. Different forms of lines represent
various λ-phage DNA molecules in the entangled state. B and C: λ-phage DNA with 5′-
cohesive ends.
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Table 1

Calculated energy and enthalpy of formation of free and entangled λ-phage DNA in
different forms

DNA name
r Form Energy

(kcal/mol)
Formation enthalpy

(kcal/mol)

3′-sticky ends −590.29

5′-sticky ends −567.16

Entangled DNA A −1077.39 80.06

B −1331.57 −174.12

Z −1156.31 1.15

r
Please refer to Scheme 1 for structures.
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