
UC Irvine
UC Irvine Electronic Theses and Dissertations

Title
Complex molecular assemblies with stress-induced DNA studied via multi-scale simulations

Permalink
https://escholarship.org/uc/item/7524v5rr

Author
Taranova, Maryna

Publication Date
2014
 
Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/7524v5rr
https://escholarship.org
http://www.cdlib.org/


UNIVERSITY OF CALIFORNIA,
IRVINE

Complex Molecular Assemblies with Stress-Induced DNA Studied via Multi-Scale
Simulations

DISSERTATION

submitted in partial satisfaction of the requirements
for the degree of

DOCTOR OF PHILOSOPHY

in Chemistry

by

Maryna Taranova

Dissertation Committee:
Professor Ioan Andricioaei, Chair

Professor Douglas Tobias

Professor David Mobley

2014



c© 2014 Maryna Taranova



Table of Contents

Page

List of Figures iv

Acknowledgments vi

Curriculum Vitae vii

Abstract of the Dissertation ix

1 Introduction 1
1.1 Molecular dynamics simulations . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.2 Elastic rod model of DNA . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
1.3 Thesis summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

2 Structure and dynamics of toroidal-like DNA shapes in bacteriophage φ29 8
2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
2.2 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

2.2.1 Modeling cavity contact with the elastic rod . . . . . . . . . . . . . . 12
2.2.2 Constructing the 2D energy landscape . . . . . . . . . . . . . . . . . 16
2.2.3 Sensitivity to L-J potential well depth, ε . . . . . . . . . . . . . . . . 17
2.2.4 MD simulation details . . . . . . . . . . . . . . . . . . . . . . . . . . 17
2.2.5 Constructing predicted density maps . . . . . . . . . . . . . . . . . . 19

2.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
2.3.1 Toroid conformations predicted by rod model . . . . . . . . . . . . . 20
2.3.2 Structural equilibration of toroids using MD simulations . . . . . . . 21
2.3.3 Comparison with experimental cryo-EM density map . . . . . . . . . 25
2.3.4 Simulating ejection dynamics . . . . . . . . . . . . . . . . . . . . . . 25

2.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
2.4.1 The existence and geometry of the toroid . . . . . . . . . . . . . . . . 28
2.4.2 Possible functions of the toroid . . . . . . . . . . . . . . . . . . . . . 32

2.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

3 Microscopic flexibility of tightly curved DNA minicircles 35
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
3.2 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

3.2.1 Setup and dynamics of the atomistic model of DNA . . . . . . . . . . 38

ii



3.2.2 Elastic rod model of DNA . . . . . . . . . . . . . . . . . . . . . . . . 39
3.2.3 Entropy calculations from the atomistic simulations of DNA . . . . . 40
3.2.4 Entropy calculations from the elastic rod model of DNA . . . . . . . 41
3.2.5 Calculation of S2 NMR order parameter from the atomistic trajectories 43

3.3 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
3.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

4 Impact of bending and torsional deformations of DNA on the structure of
T7-RNA polymerase 58

4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
4.2 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

4.2.1 Building atomistic models . . . . . . . . . . . . . . . . . . . . . . . . 61
4.2.2 Molecular dynamics simulations . . . . . . . . . . . . . . . . . . . . . 66
4.2.3 Vibrational analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

4.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70
4.3.1 Protein structural analysis . . . . . . . . . . . . . . . . . . . . . . . . 70
4.3.2 Energetic analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74
4.3.3 Protein dynamics analysis . . . . . . . . . . . . . . . . . . . . . . . . 76
4.3.4 Analysis of the DNA structure and topology . . . . . . . . . . . . . . 81

4.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

5 Conclusion 89

Bibliography 92

iii



List of Figures

Page

1.1 The atomic structure of DNA superimposed with an elastic rod with equiva-
lent elastic properties. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

2.1 Cross section of the 3-dimensional cryo-EM φ29 reconstruction . . . . . . . . 10
2.2 (A) Cross section of the connector/lower collar cavity with toroidal DNA.

(B) Pointwise-discretized constraint surface, derived from the protein cavity
walls, specifies the location of computational grid points in the rod model or
inert atoms in MD rigidly positioned on the cavity surface. (C) The atomic
structure of DNA superimposed with an elastic rod with equivalent elastic
properties. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

2.3 Time evolution of the Watson-Crick base pair hydrogen bond distances be-
tween complementary bases during simulation. . . . . . . . . . . . . . . . . . 18

2.4 Rod model predicts toroid formation in the φ29 cavity. Snapshots of twist-free
equilibrium conformations as a function of toroid size (basepairs) . . . . . . 21

2.5 Compressive force required to form a toroid is well within packing motor
capabilities (25 pN for toroids > 10 bp) . . . . . . . . . . . . . . . . . . . . . 21

2.6 Energy landscape of all possible DNA conformations over the two parameter
space of toroid size and registry . . . . . . . . . . . . . . . . . . . . . . . . . 22

2.7 Potential energy landscape for left-handed toroids of varying size (basepairs)
and registry value (degrees) . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

2.8 Molecular dynamics model of atomic DNA structure highly bent and under
extreme compression . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

2.9 Predicted density maps compared side by side with experimental data. . . . 26
2.10 Predicted density maps upon parametrically varying registry value (degrees)

for the (A) right-handed and (B) left-handed 33 bp toroid. . . . . . . . . . . 27
2.11 Rod model of toroid collapse predicts large reaction force/torque at the con-

nector . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

3.1 Snapshots of the 107-bp DNA minicircle (A) and the 107-bp linear DNA (B)
obtained from the atomistic simulations. . . . . . . . . . . . . . . . . . . . . 45

3.2 (a) The W&C D-H-A distance matrix for the linear and circular DNA. (b)
The scatter plot of all instantaneous W&C D-H-A distances in the linear and
circular duplexes sampled during the simulation. . . . . . . . . . . . . . . . . 46

iv



3.3 S2-NMR order parameters in linear and circular DNA for the deoxyribose
H1′-C1′ bond vectors (a) and for the base bond vectors H8-C8/H6-C6 (b). . 48

4.1 A schematic illustration of a system setup for a T7 RNAP EC bound to DNA
minicircle . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

4.2 Energy minimized T7 RNAP EC bound to 100-bp (a), 106-bp (b) and 108-bp
(c) DNA minicircles. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

4.3 Energy minimized T7 RNAP EC bound to 30-bp linear DNA, top (left) and
side (right) views. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

4.4 RMSD of T7 RNAP EC, which is bound to the DNA minicircles (a) and to
the linear DNA (b), during the simulation run. . . . . . . . . . . . . . . . . . 71

4.5 Residue-based RMSD of the T7 RNAP EC, bound to the DNA minicircles
(a) and to the linear DNA (b). . . . . . . . . . . . . . . . . . . . . . . . . . . 72

4.6 A crystal structure of the elongation T7 RNAP in the post-translocated state
(A). Snapshots of the T7 RNAP EC: equilibrium conformations bound to the
underwound (B) and the overwound (C) linear DNA, and to the underwound
(D), the relaxed (E) and the overwound (F ) DNA minicircles, colored by the
average RMSD per residue. . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

4.7 Distances between the T7 RNAP subdomains and the TB within T7 RNAP
bound to the DNA minicircles (a, b, c) and to the linear DNA motifs (d, e, f) 74

4.8 Pairwise distances between the thumb, SH and fingers within the T7 RNAP
bound to the DNA minicircles (a, b, c) and to the linear DNA motifs (d, e, f) 75

4.9 RMSF of the T7 RNAP EC, bound to the DNA minicircles (left) and to the
linear DNA (right), calculated from the atomistic, GNM and ANM models. 77

4.10 The T7 RNAP EC conformations with the corresponding ANM displacement
vectors of the first two vibrational modes . . . . . . . . . . . . . . . . . . . . 79

4.11 Shapes of the two slowest GNM vibrational modes of the T7 RNAP in the na-
tive state (upper row) and in the conformations bound to the DNA minicircles
(lower row). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

4.12 Equilibrium conformations of the T7 RNAP EC bound to the underwound
(A), relaxed (B) and overwound (C) DNA minicircles. The equilibrium con-
formations of the underwound, relaxed and overwound DNA minicircles with-
out the T7 RNAP are shown in panels D, E and F , respectively. . . . . . . . 82

4.13 Topologies of the underwound (A), the relaxed (B) and the overwound (C)
DNA minicircles that are bound to the T7 RNAP EC . . . . . . . . . . . . . 83

4.14 The W&C D-H-A distance matrix for the underwound (A), relaxed (B) and
overwound (C) T7 RNAP EC - bound DNA minicircles . . . . . . . . . . . . 84

v



Acknowledgments

This thesis would not have been possible without Prof. Ioan Andricioaei. His wealth of
knowledge and extraordinary vision formed the foundation of my PhD work, and the nu-
merous hours of discussions with Prof. Andricioaei were some of the most fulfilling learning
experience I have ever had.

I would also like to thank our collaborators, Dr. Andy Hirsh, Dr. Troy Lionberger and Prof.
Perkins, for sharing their expertise in the DNA rod models and molecular biology. Also I
would like to express my gratitude to all the current and previous members of the Prof.
Andricioaei research group, especially to Mahua, Daun, Ahmet, Emel, Gianmarc, Gavin and
Nick, for the valuable discussion on projects and for constructive suggestions in work and life
related issues. I thank Randall Rojas for convincing me to peruse the PhD degree and all my
CCBS and UCI friends who were a great support during these years: Katrina, Robin, Vishal,
Chili, Sean, Cynthia, Edwin, Jeff, Jeremy, Nick... Mehdi, thank you for your comradeship
that helped me to get through the last stage of the PhD.

Special thanks to my family and friends in Ukraine. Their trust and support are the main
reason that keeps me going.

vi



Curriculum Vitae

Maryna Taranova

EDUCATION

Ph.D. Chemistry University of California, Irvine, USA June 2014

M.Sc. Physics Ruhr-University of Bochum, Germany July 2007

M.Sc. Biophysics Sevastopol National Technical University, Ukraine July 2005

B.Sc. Physics Sevastopol National Technical University, Ukraine June 2004

RESEARCH EXPERIENCE

Graduate Student Researcher 2009-2014
University of California, Irvine Irvine, California

Graduate Student Researcher 2005– 2007
Ruhr-University of Bochum Bochum, Germany

Graduate Student Researcher 2004-2005
Sevastopol National Technical University Sevastopol, Ukraine

TEACHING EXPERIENCE

Teaching Assistant 2010–2013
Department of Chemistry, University of California, Irvine Irvine, California

JOURNAL PUBLICATIONS

1. M. Taranova, A.D. Hirsh, N.C. Perkins and I. Andricioaei. On the role of microscopic
flexibility in tightly curved DNA. J. Phys. Chem. B (Submitted).

vii



2. M. Taranova, T.A. Lionberger, A.D. Hirsh, N.C. Perkins and I. Andricioaei. Impact
of bending and torsional deformations of DNA on the function of T7-RNA Polymerase
(In preparation).

3. T. A. Lionberger, A. Vahia, A. D. Hirsh, M. Taranova, I. Andricioaei, N. C. Perkins,
E. Meyhfer, C. T. Martin. Mechanical Strain Generated by RNA Polymerase During
Transcription Initiation Can Drive Structural Changes in DNA Topology that Relieve
Repression (In preparation).

4. A.D. Hirsh*, M. Taranova*, T.A. Lionberger, T.D. Lillian, I. Andricioaei, and N.C.
Perkins. 2013. Structural ensemble and dynamics of toroidal-like DNA shapes in
bacteriophage φ29 exit cavity. Biophys. J., 104(9), 2058-2067.
∗these authors contributed equally to this work

5. A.D. Hirsh, T.D. Lillian, T.A. Lionberger, M. Taranova, I. Andricioaei, and N.C.
Perkins. 2013. A model for highly strained DNA compressed inside a protein cavity.
J. Comput. Nonlinear Dynam. 8(3), 031001-8.

6. T. D. Lillian, M. Taranova, J. Wereszczynski, I. Andricioaei and N. C. Perkins. 2011.
Simulating the relaxation of DNA supercoils by topoisomerase I. Biophys. J., 100(8),
2016-2023.

PROFESSIONAL MEMBERSHIPS

Biophysical Society 2010-2013

viii



Abstract of the Dissertation
Complex Molecular Assemblies with Stress-Induced DNA Studied via Multi-Scale

Simulations

By

Maryna Taranova

Doctor of Philosophy in Chemistry

University of California, Irvine, 2014

Professor Ioan Andricioaei, Chair

DNA rarely exists as a relaxed linear molecule: bending and torsional deformations of DNA

often happen in a cell and are essential for various biological functions. Therefore, study of

structure and dynamics of stress-induced DNA conformations is an important part in biolog-

ical and pharmacological sciences. In this work we develop a multi-scale modeling approach

that combines atomistic and elastic rod models and thus, enables simulations of complex

molecular assemblies on large time/length scales with atomistic details. A hybrid model-

ing approach is then employed to simulate three high-impact example systems containing

unusual stress-induced DNA conformations. First, we focus our attention on describing dy-

namical properties of an intriguing donut-like (commonly referred to as a toroid) DNA motif

recently found in bacteriophage φ29 and simulating viral DNA ejection from φ29. Next, we

examine intrinsic flexibility in tightly curved DNA minicircles. Finally, we aim to character-

ize the transcription process on bent and twisted DNA and establish the structure-function

relationship between the DNA template mechanics and the main transcription catalyst, the

ix



RNA polymerase. The study of either mechanism is of a great medical importance; tran-

scriptional deregulation is a common feature of numerous physiological disorders (various

types of cancer, neurological and rheumatic diseases, etc.) while viral infections can cause

illnesses as minor as the common cold and as severe as AIDS. One of the greatest challenges

in medical genetics is to determine how we can control these diseases on a molecular level.

By exploring the molecular mechanisms underlying these disorders, our analysis provides an

important and influential step towards our path from genetics to improvements in human

healthcare.
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Chapter 1

Introduction

Biopolymers, such as proteins, nucleic acids and carbohydrate, are one of the most impor-

tant components of living cells. Motions of these macromolecules (thermal fluctuations and

all kinds of conformational changes) often govern important processes occurring in cells.

Therefore, study of dynamics of macromolecules and molecular assemblies at atomistic level

is a central task of contemporary life sciences. Along with methods for structure determina-

tion and spectroscopic techniques, computer simulations take their place in the investigation

of dynamical properties, structure and functioning of macromolecules. However, the enor-

mously broad distribution of length and time scales invoked in the formation and dynamics

of various molecular assemblies create formidable challenges for computational modeling.

An urgent need for the development of advanced modeling techniques over large time/length

scales inspired us to introduce a novel multi-scale modeling method that couples atomistic

(molecular dynamics) and continuum (elastic rod model) domains and thus, enables simula-

tions of large-scale dynamics with atomistic details. In the next two sections we provide an

overview of the MD simulations and elastic rod modeling approaches. In the last section of

the chapter we give a brief summary of the thesis and discuss benefits of a hybrid modeling

approach for simulation of complex molecular assemblies.
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1.1 Molecular dynamics simulations

MD simulations are one of the most widely spread computational methods of molec-

ular modeling. The range of questions which can be answered by a MD simulation is wide:

starting with producing a representative ensemble of structures of a molecule and thus study

of its structural properties to calculation of various thermodynamic quantities and observ-

ing conformational changes. MD is also a powerful tool for investigating the energy land-

scape in the conformational space of a macromolecule [1]. Conformational dynamics of

macromolecules specifies their natural structure and often determines their function. For

fundamental analysis of functioning of macromolecules, it is essential to understand the con-

nection between the three-dimensional structure (received by means of X-ray crystallography

or NMR) and dynamics (which is not easily available experimentally). MD simulations are

the connecting link between structure and dynamics which allows the study of the confor-

mational space accessible to a macromolecule [2], [3], [4].

In a MD simulation nature is reproduced by an proximate model, where atoms are

represented by point charged particles without internal degrees of freedom moving in an effec-

tive potential field. Electrons are considered in MD simulation indirectly by the interactions

and effects which they give rise to. They are taken into account in the potential function

which is based on the empirical data. The common basis for MD computer simulations is

knowledge of the energy or potential function V , which describes interactions between the

particles and depends on the atomic positions ~ri. V (~ri) consists of two terms:

V (~ri) = Vb(~ri) + Vnb(~ri) (1.1)

Bonding interactions Vb(~ri) are various interactions, directed via a covalent bond. The fol-

lowing interactions are usually concerned: covalent bond stretching, angles bending, proper

2



and improper dihedrals. Non-bonded interactions Vnb(~ri) are interactions, which are not

transmitted via a covalent bond, but are long-rage interactions, such as Coulomb (between

ions and charged particles) and van der Waals interactions. Generally the basic potential

function without special terms can be written as:

V (r) =
∑
bonds

kb(b− b0)2 +
∑
angles

kθ(θ− θ0)2 +
∑

dihedrals

kφ(1 + cos(nφ− δ)) +
∑

improper

kψ(ψ−ψ0)2

+
∑

UreyBradley

kUB(S − S0)2 +
∑

nonbonded

εi,j[
rminij

rij

12

− 2
rminij

rij

6

] +
∑

nonbonded

qiqj
ε+ drij

(1.2)

All bonded terms are harmonic potentials except dihedrals. To reduce computational ex-

pense, a user defined cut-off is used to treat long-range non-bonded cutoffs.

During a MD simulation the equations of motions for a system of particles upon

internal and external forces are being solved. By differentiating the potential function V of

position-vectors ~ri, one can determine corresponding forces ~Fi acting on each atom:

~Fi = −∂V (~ri)

∂~ri
(1.3)

Knowing the acting forces, the Newton’s equations can be solved by integrating in time and

the positions of atoms at any time can be determined. Thus, MD simulations can reconstruct

in detail the motion of atoms inside a molecule as a function of time. It allows us to state

and answer a number of questions about the given system, and in a considerably easier

and direct way, than experimentally [2]. For instance, stability of the model and structural

fluctuations can be studied by the MD simulations. The ergodic hypothesis allows us to

regard the time trajectory of simulation as an ensemble of structures and thus find an average

structure (and compare it directly with the experimental ensemble average) or some other,

for instance X-ray quantities, such as temperature factor at a certain temperature. The

3



stereochemical (distances, angles etc.) and order parameters can also be directly compared

with experimental values. Computation of thermodynamic quantities (energy, density or

heat capacity) is also possible, as well as, determination of entropy, free enthalpy or reaction

and equilibrium constants.

However, MD simulations have limitations. In all-atom simulations, every interaction

between pairs of atoms should be taken into account and therefore, the calculation expenses

increase as the second-degree of the number of atoms. Although MD simulations provide

an accurate representation of a molecular system, they require significant computational

resources, thus prohibiting modeling of many systems and processes on biologically relevant

time and length scales.

1.2 Elastic rod model of DNA

The rod model is fundamentally a coarse-grain approximation for DNA which sac-

rifices atomic detail in favor of describing the long length/time scales necessary to capture

the three-dimensional bending and twisting of the DNA helical axis. It is a numerical exten-

sion of (3D) elastica theory and captures geometrically large deformations/rotation of the

cross section. The rod model incorporates elastic properties that have been determined by

experiment, see for example, [5, 6, 7] and by MD simulation [8, 9]. The resolution of the rod

model approach is approximately 1 helical turn of the DNA double helix, about 3.5 nm.

Fig. 1.1 depicts the atomic structure of DNA superimposed with an elastic rod possess-

ing equivalent averaged elastic properties. The helical axis of the molecule is parameterized

by the centerline curve, ~R(s, t), and a cross sectional reference frame {ai(s, t)} where the

independent variables, s and t, denote contour length (as measured from one rod boundary)

and time, respectively. The rod is also described by the curvature/twist vector ~κ(s, t) which

4



Figure 1.1: The atomic structure of DNA superimposed with an elastic rod with equivalent elastic properties.
~R(s, t) defines the position of the helical axis as a function of contour length s and time t with respect to
the inertial frame e. We also define a body-fixed reference frame a(s, t) which is also a function of s and t.
Figure adapted from [11]

is defined as the spatial rotation rate of the body fixed frame {ai(s, t)} [10, 11].

The dynamical rod formulation begins with the Newton-Euler equations of motion

for an infinitesimal rod segment. Deformations to the molecule result in a net internal

force ~f(s, t) and internal moment ~q(s, t). The dynamics of the rod are described by the

translational velocity ~v(s, t) and angular velocity ~ω(s, t) of the cross section. The kinetic

and kinematic quantities are related through the following four vector equations of rod

theory [10]:

∂ ~f

∂s
+ ~κ× ~f = m

(
∂~v

∂t
+ ~ω × ~v

)
− ~Fbody, (1.4)

∂~q

∂s
+ ~κ× ~q = I

∂~ω

∂t
+ ~ω × I~ω + ~f × t̂− ~Qbody, (1.5)

∂~v

∂s
+ ~κ× ~v = ~ω × t̂, (1.6)

∂~ω

∂s
+ ~κ× ~ω =

∂~κ

∂t
. (1.7)
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The partial differential equations are expressed in the body fixed frame {ai(s, t)}.

Equations (1.4) and (1.5) represent the balance laws for linear and angular momentum,

respectively. Equation (1.6) represents a constraint on the (assumed) inextensibility and

unshearability of the rod. Equation (1.7) is a constraint on the curvature/twist and angular

velocity vectors that ensures continuity of the cross section orientation. In these equations,

m(s) denotes the mass per unit contour length, I(s) denotes the tensor of principal mass mo-

ments of inertia per unit contour length, ~Fbody(s, t) denotes any externally distributed body

forces per unit contour length, ~Qbody(s, t) denotes any externally distributed body moments

per unit contour length, and t̂(s, t) denotes the helical axis unit tangent vector. Additional

physical interactions such as cavity contact and hydrodynamic drag will be incorporated into

the governing equations through ~Fbody(s, t) and ~Qbody(s, t).

The inter-atomic interactions of a DNA molecule combine to yield an averaged long

length scale linear-elastic stiffness based on the bending and torsional persistence length of

DNA (see, for example [12, 13, 14, 15]). The internal moment ~q(s, t) results from the linear

elastic constitutive law which relates the bending (50 nm·kT ) and torsional stiffness (75

nm·kT ) in a diagonal tensor, B, to the local curvature ~κ(s, t). The constitutive law is:

~q(s, t) = B(s) (~κ(s, t)− ~κo(s)) . (1.8)

The shape of an unstressed DNA molecule is not generally straight and depends

on the basepair sequence. This intrinsic curvature is represented by ~κo(s) and subsequent

deformations from this unstressed state result in internal forces and moments. Although we

have incorporated sequence-dependent intrinsic curvature in previous work [16, 17], herein

we model DNA as an intrinsically straight, homogeneous, isotropic elastic rod. The stiffness

properties result in the following elastic energy functional:

6



E(t) =

∫ L

0

1

2
[{~κ(s, t)}TB{~κ(s, t)}]ds, (1.9)

where E(t) is the elastic strain energy in units of kT .

The partial differential field equations Eq. (1.4)-(1.7) are numerically integrated upon

defining boundary conditions which correspond to physical loads or kinematic constraints

(e.g. by protein binding [16, 17]). The equations are discretized using finite differencing and

integrated using the generalized-alpha method in space and time [10, 18].

1.3 Thesis summary

Our innovative approach is to combine the massively parallel MD simulations with

long scale rod models of DNA. A hybrid modeling approach is then employed to investigate

the structure, dynamics and function of complex molecular assemblies with stress-induced

DNA motifs. In particular, we focus on three biologically significant molecular systems:

(1) an intriguing donut-like DNA motif recently found in bacteriophage φ29 exit cavity; (2)

tightly curved DNA minicircles; (3) tightly curved DNA minicircles in complex with RNA

polymerase.

The greatest difficulty in proposed simulations is to capture the microscopic details of DNA

and protein while monitoring the large-scale dynamics of DNA fluctuations. A hybrid mod-

eling approach overcomes this difficulty by coupling the atomistic and the rod domains and

thus, enables us to gain new insight into the behavior these complex molecular assemblies.

Although we focus only on the three high-impact example systems, this work demonstrates

the success of our computational approach in atomic-detailed simulations of biological phe-

nomena across different length and time scales.
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Chapter 2

Structure and dynamics of

toroidal-like DNA shapes in

bacteriophage φ29

2.1 Introduction

Double-stranded DNA (dsDNA) bacteriophages are sophisticated biological machines

that pack their micron-length genome into a preassembled capsid only tens of nanometers

wide [19]. The well-studied bacteriophage φ29 is one of the smallest dsDNA bacteriophages

and it has long served as a model system to study virus structure, assembly, and ejection. Its

relatively small genome consists of approximately 19.3 kilo-basepairs (kbp) which encode for

only ∼20 genes. Despite this small genome, the DNA is packed to near crystalline density

within the confines of the capsid by one of the most powerful ATP-driven molecular motors

[20]. These remarkable viral DNA packing motors overcome considerable energetic barriers

(due to DNA bending/twisting, electrostatic self-repulsion, and entropy) by generating forces
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around 100 pN [20, 21, 22, 23].

At the heart of the packing motor is the φ29 connector, a 12-mer ring of gene product

10 (gp10) proteins, which acts as a portal through which DNA is threaded. The connector

actively participates in almost every stage of the phage lifecycle. Bacteriophage φ29, unlike

many other tailed DNA bacteriophages, packages a unit length genome with a terminal

protein (gp3) covalently linked to the 5’ ends of the genome. After packing the DNA-

gp3 complex, the motor assembly is broken down by dissociation of the ATPase (gp16) and

pRNA. The connector is then left available as the binding site for the tail assembly including

the lower collar/tail tube (gp11), tail knob (gp9), and appendages (gp12) [24]. This process

may be initiated through interactions between the motor and gp3 on the terminal end of the

genome [25]. However, the connector must somehow prevent the highly pressurized DNA

from leaking from the prohead after motor disassembly but before tail assembly. Recently,

Grimes et al. [25] implicated the connector channel loops, structures which protrude into the

center of the connector and contact DNA, as the mechanism responsible for genome retention.

In these experiments, mutated connectors with altered channel loops did not significantly

affect DNA translocation but significantly hindered phage maturation. Additionally, Geng et

al. [26, 27, 28] revealed that the connector exhibits genome gating behavior and undergoes

a conformational change through a sequence of steps, possibly triggered by interactions

between DNA and the C-terminal flexible domain.

Whereas monumental efforts have been made to provide us with a complete picture of

the φ29 lifecycle, many of the mechanistic details underlying a number of phage functions are

only now emerging. For instance, a recent high resolution (7.8Å) cryo-electron microscopy

(cryo-EM) reconstruction of φ29 has uncovered a previously undetected feature: an intriguing

toroidal structure lodged in the cavity formed between the connector (gp10) and lower collar

(gp11) [29] (see Fig. 2.1). While a previous study [24] reports that the terminal protein

gp3 occupies the cavity, Tang et al. [29] report densities consistent with DNA inside the
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connector-lower collar cavity and gp3 instead resides in the center of the tail channel below

the cavity. The DNA density reveals a toroid believed to consist of 30-40 bp of highly

bent dsDNA surrounding a central void [29]. Although the mechanism needed to form

such a highly bent DNA toroid remains unclear, we hypothesize that after DNA packing

is completed and the tail is assembled, the connector undergoes a conformational change

which opens the channel and allows the capsid pressure to drive DNA out of the capsid.

The capsid pressure, in turn, fills the tail with DNA and forms the toroid. Prior to the

connector opening, the terminal protein gp3 may likely be constrained inside the cavity/tail.

Our hypothesis may explain how gp3, with its smallest dimension larger than the diameter

of the tail channel [30, 24], is compressed and driven to the distal end of the tail. Indeed,

the connector has been observed to undergo conformational changes between prohead and

maturity stages [24, 29]. Thus, the φ29 cavity not only permits dsDNA to pass through

but it is also large enough to allow DNA to bulge outward in forming the observed toroidal

supercoil.

Connector
    (gp10)

Lower Collar
    (gp11)

DNA Toroid

100Å

20Å

Figure 2.1: Cross section of the 3-dimensional cryo-EM φ29 reconstruction [29]. The virion map (purple, color
online) is overlaid with the emptied map to highlight the genome. Inset shows the region to be simulated;
the toroid constrained in the connector/lower collar cavity. Results courtesy of Dr. A. Hirsh at the Perkins
lab.

Should φ29 compress DNA so tightly that it forms a 30-40 bp toroid of DNA, it would
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present one of the most extreme case of DNA bending known to occur in nature. It would also

present a unique model system for understanding DNA under extreme compression/bending,

a stress state of DNA that has yet to be examined. Close examination of the experimental

density map of [29] reveals a 20 Å thick toroid with outer and inner radii of 29 Å and 9

Å, respectively. This sub-persistence length toroid shares the same extreme curvature as a

30-40 bp minicircle. By contrast, experiments [31] and atomistic simulations [32] of larger

unconstrained 65 bp minicircles reveal a host of non-canonical DNA structures including

bubbles, kinks, and wrinkles that form under high bending and torsional stress. Integration

host factor (IHF) has proven capable of wrapping 35 bp of DNA around itself to form a

‘U-turn’ bend angle greater than 160◦ enabled by two kinked regions [33]. Thus, the φ29

protein cavity may similarly preserve dsDNA despite the sharp bending.

Although the biological function of this sub-persistence length toroidal DNA supercoil

remains unknown [34], the mechanical energy stored within such a distinctive structure has

led us to question the possible biological function(s) it may serve. In this study, we use

computational models to address two major issues. The first is whether dsDNA within the

φ29 cavity can form a 30-40 bp toroid under mechanical compression alone. That is, can

the virus provide adequate forces to compress DNA into the toroid proposed by Tang et

al. [29]? If such a toroid forms, does the DNA remain intact? The second issue addresses

the possible biological functions of this highly energetic DNA structure. Hypotheses we

explore include the possible role of the toroid in: 1) signaling genome release, 2) stabilizing

the pressurized virion, and 3) initiating host infection. Our analysis exploits a multi-scale

model for DNA involving a coarse-grain elastic rod model and an all-atom MD model. Our

models not only reveal that a DNA toroid can be maintained at force levels below those

predicted by experiments, but that the atomic toroidal DNA structure is largely preserved.

The predicted density maps compare favorably with that of Tang et al. [29] and suggest an

ensemble of different sized toroids. We also demonstrate that a toroid can fulfill all three

proposed hypotheses.
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2.2 Methods

Simulating DNA buckling under biologically relevant forces in all-atom MD requires

prohibitively large computational resources. One strategy to shorten computation time is

to apply significantly higher forces on DNA than exists in the biological system. However,

this approach greatly increases the likelihood of forcing the system away from the physical

pathway and thereby introducing artifacts into the computed DNA structure. Alternatively,

a coarse-grained rod model can efficiently simulate buckling but faces the challenge of repre-

senting the true atomistic structure on length scales approaching a helical turn. Therefore,

we exploit equilibrium conformations predicted by the rod model as initial conditions for

refinement in MD, which significantly reduces computation time yet preserves biologically-

relevant force levels.

2.2.1 Modeling cavity contact with the elastic rod

We build upon the computational rod model of [10, 16, 35] which describes the dy-

namic, three-dimensional bending and twisting of the DNA helical axis in response to 1)

DNA elasticity, 2) dissipation, and 3) prescribed body forces/torques. The rod stiffness is

determined by the bending and torsional persistence length of DNA. The feature that dis-

tinguishes this study from related formulations [36, 37, 38, 39, 40, 41, 42] is the inclusion

of body forces representing the interaction of DNA with the protein cavity formed by the

connector and lower collar (refer to Fig. 2.2C). We summarize the salient features of this

DNA-cavity interaction model by also drawing upon results from [43].

The φ29 connector/lower collar cavity dictates the constraints for DNA buckling and

eventual toroid formation. While a crystal structure of the monomer of the φ29 connector

exists [44], the atomic resolution structure of the lower collar/tail tube is unfortunately
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A B C

rp/q
pq

R(s,t)

{ei}

{ai(s,t)}

Figure 2.2: (A) Cross section of the connector/lower collar cavity with toroidal DNA from [29]. (B) Pointwise-
discretized constraint surface, derived from the protein cavity walls, specifies the location of computational
grid points in the rod model or inert atoms in MD rigidly positioned on the cavity surface. (C) The atomic

structure of DNA superimposed with an elastic rod with equivalent elastic properties. ~R(s, t) defines the
position of the helical axis as a function of contour length s and time t with respect to the inertial frame e.
We also define a body-fixed reference frame a(s, t) which is also a function of s and t. The interaction forces
are dependent on all pairwise vectors between rod grid points p and points q representing the cavity surface.
Results courtesy of Dr. A. Hirsh at the Perkins lab.

unknown. Thus, we must necessarily make simplifying assumptions to approximate the

cavity geometry. Currently, we assume that the cavity is axisymmetric about the viral tail

axis. To obtain a smooth cavity, we analyze the cryo-EM density map (see cross section

in Fig. 2.2A) and employ averaging. Specifically, the density map is sampled at twelve

azimuthal angles (each hour on a clock face). For example, the right and left side of the

cavity in Fig. 2.2A are at 3 and 9 o’clock, respectively. At each azimuthal cross section, we

identify the innermost points with non-zero density value. Each of these points is a known

distance from the central axis and, upon collecting all points, we construct a best-fit line

through the collocation of points that extends from top to bottom on the density map. The

best fit line is used to define the constraint surface which is then point-wise discretized (see

Fig. 2.2B).

Although it has been proposed that the negatively charged connector channel interior

is responsible for centering DNA in the portal during packaging [44], the charge on the

lower collar/tail remains unknown. Therefore, we approximate repulsion by modeling (hard)
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mechanical contact between DNA and the cavity with an inverse power law given by:

~Fp,q =
ρDNA lo ρcavity A C

(rp,q − ro)β
~rp,q
rp,q

. (2.1)

In the equation, rp,q is the distance between a pair of rod (p) and cavity (q) grid points,

ro = 10 Å is the assumed physical radius of dsDNA, β = 6 is the degree of the power law,

lo = 1.7 Å is the discretization length of the rod, A = 16 Å2 is the approximate surface area

surrounding each cavity point (cavity grid points are spaced approximately 4 Å apart), ρDNA

= ρcavity = 1 is the local ‘charge’ density of each DNA and cavity grid point, respectively,

and C = 0.1 pN ·Å6 is a tunable constant. In [43], we examined the sensitivity to the above

computational parameters including setting β to 4 and 8 and order-of-magnitude changes to

C and observed only minuscule differences in computed solutions. To determine if solutions

remain invariant to finer cavity point spacing, we used values of 2 Å and 1 Å and observed

insignificant changes which assures convergence for 4 Å. The net cavity contact force acting

on rod grid point p is the sum over all pairwise interactions with M cavity grid points per

~Fp,cavity =
M∑
q=1

ρDNA lo ρcavity A C

(rp,q − ro)β
~rp,q
rp,q

. (2.2)

This contact force is inserted into the discretized equations of motion for the rod as an

additional contribution to the body force ~Fbody in Eq. (1.4).

We are also interested in simulating the dynamic ejection of the toroid. Although the

DNA is likely to experience a myriad of interactions with the protein that hinder its motion

as it passes through the tail tube, currently these interactions are unknown. Therefore

we include an approximation to the large viscous forces that dominate the dynamics of

DNA (also implemented in [35]). We obtain viscous drag coefficients following [45] which are

proportional to the velocity and angular velocity of a straight rod. As in the cavity interaction
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forces, the viscous forces are yet another contribution to ~Fbody in Eq. 1.4. To approximate

drag per unit length acting on DNA, we first calculate the total drag force acting on a

straight rod (with identical contour length as DNA) in uniform flow and compute the drag

per unit length. This drag force is assumed to be evenly distributed along the length of the

straight rod. We then assume that the drag coefficients per unit length of the straight rod are

equivalent to the drag coefficients per unit length of DNA. Following these approximations,

we arrive at drag coefficients per unit length for velocities perpendicular (C⊥), parallel (C‖,

which acts along t̂ ), and rotations about the helical axis which are given by:

C‖ =
2πµ

ln
(

L
2ro

)
− 0.2

, (2.3)

C⊥ =
4πµ

ln
(

L
2ro

)
+ 0.84

, (2.4)

Caxial = πµ(2ro)
2. (2.5)

Here the contour length of the molecule L = 527 Å (155 bp), ro = 10 Å is the radius

of the molecule, and µ = 1.3 x 10−3 kg/(m·s) is the viscosity of water. The dissipation from

these forces/moments enters into the governing equations through ~Fbody in Eq. (1.4) and

~Qbody in Eq. (1.5). The drag force and torque (per unit length) are expressed in terms of the

local a fame in Fig. 2.2C as follows:

~Fdrag = −


C⊥ 0 0

0 C⊥ 0

0 0 C‖

~v (2.6)
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~Qdrag = −


0 0 0

0 0 0

0 0 Caxial

 ~ω. (2.7)

2.2.2 Constructing the 2D energy landscape

Each equilibrium conformation of DNA inside the cavity predicted by the rod model

was energy minimized in an all-atom force field. To overcome the absent atomic structures

required for simulating the atomistic cavity constraints, we make the following simplifying

approximations. We represent the cavity points as Lennard-Jones (L-J) atoms (with mass

and van der Waals radius of a helium atom equal to 1.48 Å and fixed in Cartesian space

at points shown in Fig. 2.2B) to enforce hard contact between DNA and the cavity wall.

This approach permits simulation of DNA within the constraints of the cavity and it can be

refined to capture atomic details when additional crystal structure data is available.

A free parameter in the interaction potential with the cavity boundaries is the depth

of the L-J potential well, ε, and we conduct identical MD simulations varying ε over three

orders of magnitude. The most stable DNA structures are observed for ε = 0.2 kcal/mol and

this value is adopted in all energy minimization runs.

The minimization procedure was performed with CHARMM package [46] using the

generalized Born molecular volume (GBMV II) implicit solvation model [47, 48, 49]. The

minimization protocol consisted of 1000 steps of steepest decent minimization followed by

1000 steps of minimization using the Adopted Basis Newton-Raphson algorithm. The total

energy of the system for each of the DNA conformations was calculated as an average over

the last 100 steps from the minimization run.

Minimization, equilibration, and production runs were performed using CHARMM27
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force field [50]. During all MD simulations, the non-bonded list was generated with a cutoff

of 21 Å; the cutoff for non-bonded interactions and the onset of switching for non-bonded

interactions were set to 18 Å and 16 Å, respectively.

2.2.3 Sensitivity to L-J potential well depth, ε

To determine the optimal interaction strength between DNA and the cavity, we

present simulations which vary the strength of the Lennard-Jones (L-J) interaction po-

tential, ε. Specifically, the system was equilibrated with five different values for the L-J

potential depth (ε = 0, 0.02, 0.2, 2, 20 kcal/mol) following identical simulation protocol

and monitoring the stability of the DNA double helix. In Fig. 2.3, denatured regions (as

indicated by large H-bond distance) were observed in the case of very weak interaction (ε

= 0.02 kcal/mol) and near complete DNA destruction was observed for extremely strong

interaction (ε = 20.0 kcal/mol). Minor deviations from the double-stranded structure were

observed when epsilon was set to 0.2 kcal/mol. This important observation supports the

argument that the sharply bent DNA double helix in φ29 is sensitive to its environment. In

the real system, the toroidal DNA motif inside the cavity is part of a complex interaction

network of the phage’s molecular components. For instance, sequence-specific DNA-protein

interactions and long-range electrostatic interactions with the capsid proteins and capsid

DNA might impact the structure of the toroidal DNA.

2.2.4 MD simulation details

The equilibrium conformation of DNA with a toroid size of 33 bp and DNA registry

value of 280◦ predicted by the elastic rod model was used as the initial structure for all-

atom MD simulation. All MD trajectories were obtained with the NAMD package [51].

The solvation effects during the simulation were described by the Generalized Born implicit
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Figure 2.3: Time evolution of the Watson-Crick base pair hydrogen bond distances between complementary
bases during simulation. The simulated DNA is 75 bp-long and contains the 33 bp-long toroidal motif. Each
plot represents a simulation with different values of the Lennard-Jones parameter ε: (A) ε = 0.02 kcal/mol,
(B) ε = 0.2 kcal/mol, (C) ε = 2 kcal/mol, (D) ε = 20 kcal/mol. While some denatured regions (red colored
regions) are observed in (A), severe denaturation (red and yellow colored regions) develops in (C) and (D).
Plot (B) contains some regions, where Watson-Crick basepair hydrogen bond distances are slightly larger
than 3 - 4 Å, but overall the structure does not exhibit any signature of denaturation.

solvent model of Onufriev, Bashford and Case [52] with a cutoff of 16 Å for calculating the

Born radius. The salt concentration was set to the default value of 0.2 M.

Initially, the system was energy minimized for 5000 integration steps. Next, the

system was slowly heated to 300 K in 50 K increments for each 200 ps. To prevent translation

of the DNA ends along the tail tube, the motion of the terminal DNA basepairs along the

tail tube direction was harmonically restrained by a force constant of 50 kcal/mol/Å2. To

preserve the duplex DNA structure during heating, two types of harmonic restraints, each

with force constant of 100 kcal/mol/Å2, were applied on the DNA atoms: 1) root mean

square displacement (RMSD) of heavy atoms were restrained to an initial structure, and 2)

donor-acceptor distances between complementary DNA bases were restrained to 3 Å. This
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heating stage was followed by constant temperature equilibration with 8 ns of slow release of

the harmonic restraints (further details are given in Table 2.1). The average temperature of

the system was maintained at 300 K via Langevin thermostat with a coupling coefficient of 5

ps−1. The vibrations of covalent bonds to hydrogen atoms were harmonically restrained that

allowed 2 fs integration time steps during the MD runs. After equilibration, the simulation

proceeded for 2 ns with the only restraints applied on the terminal DNA basepair. The final

2 ns of simulation time were used for the collection and analysis of equilibrium data.

KRMSD KD−A KDNA ends time

(kcal/mol/Å2) (kcal/mol/Å2) (kcal/mol/Å2)

100 100 100 heating, 2 ns
60 60 100 2 ns
30 30 100 2 ns
10 10 100 2 ns
0 0 100 2 ns

Table 2.1: KRMSD is a force constant applied to DNA heavy atoms to restrain their Cartesian coordinates
to those of the initial structure, KD−A corresponds to a force constant used to restrain the donor-acceptor
distances between complementary DNA bases, KDNA ends is a force constant applied to restrain the motion
of terminal DNA basepairs along the tail tube direction.

2.2.5 Constructing predicted density maps

UCSF Chimera [53] was used to generate the predicted density maps from rod model

computed toroids using the built in function molmap. Grid spacing is set to 1 Å and the

width of the Gaussian distribution used to describe each atom, sigmaFactor, is set to 0.425.

Rotational averaging is performed using cyclic symmetry by placing 100 equivalent copies

around the vertical tail axis. A cross section is taken and 20 color bins are scaled between

the highest volume data value (yellow) relative to the lowest (dark blue). The density maps

remain unchanged upon adding more copies so long as the number of copies is sufficient.
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Thus, the maps are well converged using 100 copies. To smooth the color gradients, per-

pixel coloring is selected. All other settings are default.

2.3 Results

2.3.1 Toroid conformations predicted by rod model

After the tail machinery (including the lower collar, tail tube, and tail knob) is in-

stalled, the connector presumably allows an amount of DNA to escape, which, driven by high

capsid pressure, descends to fill the tail and cavity. The resulting equilibrium conformations

of a short (75 bp) segment of DNA are computed from the rod model including DNA within

the cavity and short sections in the tube above and below the cavity. In the simulations,

DNA is compressed from a nearly straight conformation to a highly buckled toroidal confor-

mation. The buckling is simulated by allowing one basepair at a time to descend from the top

portion of the connector tube into the cavity until an excess of 33 bp fills the cavity, forming

a buckled toroid. During this simulation, the lower boundary is held fixed against transla-

tion while the upper boundary undergoes a quasi-static prescribed translation. The excess

DNA fills the cavity and increases the toroid size. In addition, the only rotation permitted

at the lower boundary is rotation about the helical axis which relieves any additional DNA

twist during buckling. No rotations are permitted at the upper boundary. Images of selected

equilibrium conformations during buckling are shown in Fig. 2.4 and the associated terminal

compressive force and elastic strain energy of the DNA are reported in Fig. 2.5. While all

equilibrium conformations remain twist free, the initial condition is a nearly straight right-

handed supercoil that biases the formation of a right-handed toroid thereafter. While it is

unknown whether the actual toroid is right- or left-handed, Yu et al. [54] determined that

the packing motor twists DNA in a left-handed sense during packaging. As DNA exits the
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capsid, we hypothesize that DNA will relax by twisting in the opposite direction, thereby

biasing the formation of a right-handed toroid.

0 51 2 10 15 20 25 30 33
Toroid size (bp)

Figure 2.4: Rod model predicts toroid formation in the φ29 cavity. Snapshots of twist-free equilibrium
conformations as a function of toroid size (basepairs). The black stripe aids in visualizing the twist state of
DNA. During supercoil formation, twist is relieved through the lower boundary. Results courtesy of Dr. A.
Hirsh at the Perkins lab.
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Figure 2.5: Compressive force required to form a toroid is well within packing motor capabilities (25 pN
for toroids > 10 bp). Plotted are DNA internal (elastic strain) energy (gray squares) and compressive force
(black circles) as a function of toroid size. DNA is initially nearly straight while the top boundary descends
in the tube one basepair (3.4 Å) at a time. Results courtesy of Dr. A. Hirsh at the Perkins lab.

2.3.2 Structural equilibration of toroids using MD simulations

The initial condition for atomistic simulation is obtained by fitting an all-atom repre-

sentation of B-form DNA around the DNA helical axis predicted by the rod model (using the

“model.it” toolset [55]). Because fitting involves placing pre-optimized base pair geometries
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perpendicular to the helical axis, we are left with a free parameter, referred to as the ‘registry’

parameter. Specifically, the DNA atoms can be ‘barrel rolled’ about the helical axis without

changing the linking number. This registry parameter may play an important energetic role

because it dictates how the negatively-charged sugar-phosphate backbones align at the entry

and exit of the toroidal DNA, an effect not included in the rod model. We next perform

all-atom energy minimizations of the DNA structures over a two parameter space defined

by toroid size and registry. The result for right-handed toroids, Fig. 2.6, illustrates the total

potential energy landscape and its constituent parts. The limiting 33 bp case represents the

largest toroid contained in the cavity without nonphysical overlap of the sugar-phosphate

backbone.
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Figure 2.6: Energy landscape of all possible DNA conformations over the two parameter space of toroid
size and registry. (A) Potential energy landscape and its (B) electrostatic, (C) bonded, and (D) Van der
Waals components for right-handed toroids. To highlight energetic differences between conformations, energy
values are scaled relative to the minimum value in the corresponding landscape.

Currently it remains unknown whether the toroid is a right- or left-handed supercoil.

While we believe the toroid is likely a right-handed helical supercoil, for completeness we
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include the 2-D energy landscape for left-handed toroids (see Fig. 2.7). As with right-

handed toroids, the potential energy for left-handed toroids exhibits large regions of low

energy (blue/magenta) interrupted by patches of slightly higher energy (yellow) which vary

with toroid size and registry. While the location of these patches differs slightly from the

right-handed landscape, the left-handed toroids remain essentially energetically equivalent

suggesting no energetic preference between a right- or left-handed configuration. Given that

the right- and left-handed landscapes remain energetically equivalent, it is reasonable to

postulate that the reconstruction of [29] may reflect an averaged ensemble of both types.
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Figure 2.7: Potential energy landscape for left-handed toroids of varying size (basepairs) and registry value
(degrees). As in the right-handed landscape, energy values are scaled to the minimum value in the corre-
sponding landscape.

The absolute energies of the all-atom force field are associated with a rapid increase

in the repulsive electrostatic energy of the system as the highly charged DNA is being

compressed within a confined volume. The hard (Lennard-Jonnes) interaction potential

between DNA and the cavity wall, whose rigidity is enforced in our model, confines this

highly energetic DNA state and mimicks the way the protein environment would confine

it. While the absolute energy values are high, they are not, in relative considerations,

higher than those expected in the real biological case of a protein viral capsid where DNA
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is highly pressurized to approximately 40 atm [56]. Additionally, measurements of Young’s

modulus using scanning force microscopy show that the protein shells of bacteriophages are

extremely resilient and can withstand nanonewton forces [57]. Moreover, the forces derived

in our models are of the same order of magnitude as those reported in [20] and we therefore

expect that the cavity can accommodate these force levels without significant deformation.

While the formal possibility exists that the energy values associated with DNA compression

inside the protein cavity can be smaller than those predicted with our simplified approach

(because of the simplifications in the potential), the model gives important insights into the

energetic dependence of various DNA toroidal shapes inside the confined volume of the exit

cavity of φ29.

To determine the atomic equilibrium structure of the toroid, we choose a represen-

tative toroid from the above landscape (33 bp, registry 280◦) (Fig. 2.8A,B) and perform

an equilibration in MD. Equilibration proceeds for 8 ns followed by 2 ns of production run

(see Methods for simulation protocol). To enforce identical boundary conditions in MD, the

terminal basepairs are harmonically restrained against translation along the tail tube but

permitted to rotate about the tail axis. Figure 2.8C,D shows front and top views of the

equilibrated structure, respectively.

A B C D

Figure 2.8: Molecular dynamics model of atomic DNA structure highly bent and under extreme compression.
(A-B) Front and top views of all-atom initial condition of 33 bp toroid with helical axis predicted by rod
model inside the constraints of the cavity. The DNA sequence is the first 75 basepairs from the φ29 genome.
(C-D) Same views of final conformations following MD equilibration within the constraints of the cavity
show that base-pairing is preserved. Hydrogen bonds shown in magenta.
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2.3.3 Comparison with experimental cryo-EM density map

The all-atom energy-minimized conformations are used to generate predicted density

maps for direct comparison with the experimental cryo-EM density map (two orthogonal

cross sections shown in Fig. 2.9B)[29]. In the experimental reconstruction, density attributed

to DNA is obtained through subtraction of two maps: the virion reconstruction (EMD-1420)

minus the post-ejection emptied reconstruction (EMD-1419) found in the EBI-MSD EMD

database. Recall that the capsid exhibits 5-fold symmetry while the connector/tail exhibit

12-fold symmetry. Although these components aid in aligning the exterior of the two dimen-

sional particle images, the interior toroid may not possess the same azimuthal orientation

from particle to particle. That is, if the buckled DNA is randomly oriented within the inte-

rior cavity then the resulting EM map will appear ‘smeared out’ upon rotational averaging of

images about the tail axis. To mimic this process, we rotationally average conformations of

increasing toroid size (while maintaining e.g. 280◦ registry) with the resulting cross sections

of predicted density maps shown in Fig. 2.9A.

We present additional predicted density maps to show how they change upon parametrically

varying the registry for the right- and left-handed 33 bp toroid (Fig. 2.10A/B, respectively)

which show slight changes in the size and shape of the central void but all possess toroid

intensity which agrees with the experimental study [29].

2.3.4 Simulating ejection dynamics

During infection, the distal end of the tail knob opens to allow the genome to exit

the virus [24]. Once opened, the highly-energetic toroid will undergo dynamic collapse

and ejection from the cavity. We hypothesize that toroid collapse/ejection could play an

important role in initiating infection, for example, by acting as a signaling mechanism. To

address this hypothesis, we return to the rod model to simulate the ejection dynamics induced
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Figure 2.9: Predicted density maps compared side by side with experimental data. (A) Predicted maps for
different sized toroids. (B) Two orthogonal cross sections of the experimental cryo-EM density map [29].
Yellow and dark blue indicate regions of highest and lowest intensity, respectively. Rotational averaging
of the conformation was performed using UCSF Chimera [53]. Consistent with the experimental results,
the color scale is determined by scaling the highest intensity bin relative to the lowest intensity bin (see
Methods).

by toroid collapse and over long time scales that are practically inaccessible to MD.

The initial condition to the ejection simulation is adapted from the rod-model pre-

dicted equilibrium conformation (the 33 bp toroid in Fig. 2.4). To account for viscous drag

effects, an additional 80 bp of DNA is added beneath the toroid to the opening of the tail

tube. The viscous drag model for DNA [45] follows the numerical implementation of [35, 43].

At the opening of the tail tube (bottom), the rod remains restrained against rotation about

the two transverse axes, but is now free to translate along and rotate about the tail (vertical)

axis following the (assumed instantaneous) opening of the tail knob. The upper boundary

remains clamped and fixed by the possible pinching of the connector and reacts to highly

dynamic forces and torques induced during toroid collapse. The predicted axial reaction

force and torque during this collapse are reported in Fig. 2.11 as functions of reduced time.

The reduced time scale in Fig. 2.11B is obtained by dividing simulation time (t) by the
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Figure 2.10: Predicted density maps upon parametrically varying registry value (degrees) for the (A) right-
handed and (B) left-handed 33 bp toroid. Note minor changes in the shape of the central void and smaller
holes as registry and handedness change.

time required for the toroid to completely straighten/eject (τ). Thus Fig. 2.11A illustrates

the conformation of the DNA toroid at times corresponding to 0%, 25%, 50%, 75%, and 100%

of full ejection. While τ obviously depends on the selected friction model, the important

findings illustrated in Fig. 2.11 do not. In particular, note the large reaction force and torque

developed at the upper boundary right as the toroid straightens. These large reactions arise

regardless of the assumed friction model which, for computational expediency, presently

underestimates the total friction; it accounts for hydrodynamic drag and not the (unknown)

friction of DNA within the tail tube of φ29. If one were to adopt the much larger (by 2-3

orders of magnitude) friction coefficients estimated from experiments on bacteriophage λ

ejection [58] (0.17 to 2.4 N·s/m2), then the predicted ejection times would range from 6.8

< τ < 68 microseconds.
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Figure 2.11: Rod model of toroid collapse predicts large reaction force/torque at the connector. (A) Snap-
shots show instantaneous conformations during ejection. (B) Axial reaction force and torque at the upper
boundary as a function of reduced time t/τ , where τ is the time required for the toroid to fully straighten
and can range from approximately τ = 6.8 to 68 microseconds. Results courtesy of Dr. A. Hirsh at the
Perkins lab.

2.4 Discussion

2.4.1 The existence and geometry of the toroid

Both the rod and MD models corroborate the existence of a highly strained toroid

within the small connector-lower collar cavity. Results from the rod model confirm that the

capsid pressure is sufficient to mechanically compress and maintain DNA in a toroidal shape

within the cavity. Inspection of Fig. 2.5 reveals that as the bucking process begins, the

DNA deflects outward into a slender but stiff helical buckle which requires high compressive

force (refer to Fig. 2.4). After 2 bp are inserted, DNA contacts the cavity wall, which

further constrains the structure and results in maximum compression (∼160 pN). As the
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upper boundary descends further, the DNA buckles dramatically to fill the cavity interior.

This large scale buckling creates a substantially more compliant structure and significantly

smaller compressive forces are therefore required for DNA equilibrium (refer to Fig. 2.5 for

bp > 10 where compressive forces is reduced to a modest ∼25 pN). Therefore as the toroid

evolves, the compressive forces remain nearly constant at ∼25 pN which, by comparison, is

about 25% of the maximum force achievable by the packing motor.

During the initial buckling of DNA (Fig. 2.5), the rod model also predicts forces

that exceed those achievable by the packing motor. However, these high initial forces result

from the particular pathway to toroid formation chosen for this computation. The results

illustrated in Fig. 2.5 follow from a near perfectly straight DNA segment that also remains

torque-free, both limiting conditions that require the greatest compressive force to initiate

buckling. The addition of any intrinsic DNA curvature, torque, or localized defects would

significantly reduce the compressive force required to initiate buckling. For instance, the

supercoiled capsid DNA would likely impart torque to the DNA as it descends through the

tail tube, which in turn will reduce the compressive force required to initiate buckling [59].

Therefore, our results demonstrate that the capsid pressure provides sufficient driving force

to buckle DNA into a toroid in this confined volume.

Upon refining the rod-predicted initial condition, the computed energy landscape in

Fig. 2.6 illustrates energetic dependence on both toroid size and registry. The potential

energy (Fig. 2.6A) and the elastic strain energy estimated with the rod model (Fig. 2.5)

both increase with toroid size as expected. Furthermore, both models predict a rapid energy

increase at the initial stage of compression (for toroids up to ∼10 bp). Inspection of Fig. 2.6B

reveals that the electrostatic energy component monotonically increases as more DNA enters

the cavity, an effect independent of registry as expected. By contrast, DNA bonded energy

and the Van der Waals energy of the system exhibit dependence on size and registry. The

variations in the potential energy (Fig. 2.6A), which largely follow that of the bonded and Van
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der Waals components, do not suggest a single favorable toroid size or registry. Instead, these

results suggest that an ensemble of toroids may exist. Additionally, the energy landscape for

left-handed toroids Fig. 2.7 remains energetically equivalent to the right-handed landscape

suggesting no energetic preference exists regarding toroid handedness.

The predicted maps in Fig. 2.9A share many qualitative characteristics with the

experimental map [29] and further argue for an ensemble of toroids. Note the appearance

of a central void as soon as DNA buckles and the toroid intensity increases with toroid

size as more DNA fills the cavity. In the straight tube sections above and below the toroid,

observe extensive low (dark blue) and intermediate (light blue) intensity regions with patches

of high intensity (magenta and yellow) near the center of the tail axis consistent with the

experimental map. Also observe the low intensity region joining the toroid to the high

intensity straight segments above and below it, as noted in Tang et al. [29]. All predicted

maps for toroids larger than ∼20 bp similarly exhibit sharp (nearly 90◦) density transitions

between straight and toroidal sections. For these larger toroids, note the dominant regions

of intermediate (light blue) and high (magenta) intensities in the toroid which are consistent

with the intensities reported in the experiments. Smaller toroids, by contrast, do not possess

the high intensity regions observed in the experiments. Although difficult to discern exact

toroid size and registry, we observe matching high (magenta) intensity in the toroid for sizes

of ∼20 bp and larger. Thus, the experimental density map may reflect an averaged ensemble

of toroids weighted toward larger ones (consistent with results in Fig. 2.6). Additionally,

the shape of the void at the center of the toroid (as well as the existence and shape of the

smaller voids above and below the toroid) changes with toroid size, registry, and handedness,

but an ensemble average would also mask these dependencies (see Fig. 2.10 density maps for

varying handedness and registry).

Beyond the qualitative similarities noted above, the predicted density maps (Fig. 2.9A)

also share remarkable quantitative similarities to the experimental map. Tang et al. [29] re-
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port a 20 Å thick toroid possessing an outer and inner diameter of 58 Å and 18 Å, respectively.

Despite the small differences in the central void, the dimensions of the larger toroids remain

remarkably consistent with these experimental measurements. In particular, the predicted

toroid thickness and the inner diameter (distance between the high intensity regions) are

∼20 Å while the outer diameter is ∼60 Å (dictated of course by the diameter of the cavity).

Equilibration in all-atom MD simulations reveal that the initial toroid predicted by

the rod model is largely preserved despite sharp bending and compression. Observe in Fig. 2.8

that the initial condition matches reasonably well with the MD-equilibrated structure and

both confirm the existence of a central void. Aside from a few regions where we observe

basepair flipping, the DNA remains double-stranded. The small denatured regions may also

be an artifact arising from the assumed interaction potential with helium atoms which likely

do not fully represent the biological system. To explore the implications of our assumptions,

we have applied the model using several interaction potentials, characterized the sensitivity

to this parameter, and speculate on the biological implications (see Fig. 2.3 in Methods).

From our systematic analysis emerges a model whereby dsDNA denaturation is limited in

large part by the nonspecific interaction with the cavity.

The objective of this paper is to explore the hypothesis put forth by Tang et al. [29]

that DNA forms a toroidal structure. A coarse grain model, an MD model, and predicted

cryo-EM density maps all provide consistent evidence for a toroid. However, for completeness

we must also recognize that there are other structures that could yield the split density in

the entry/exit cavity including DNA strand separation as observed in Podovirus P-SSP7

[60], flipped bases, a cruciform, etc.
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2.4.2 Possible functions of the toroid

Recent experiments conducted after the reconstruction of [29] have increased our

understanding of the sequence of conformational changes in the φ29 connector. In light

of these discoveries, we explore several possible biological functions of the toroid including

its ability to not only stabilize the mature virion but possibly triggering a conformational

change.

1. Toroid collapse triggers genome release: The dynamic collapse of the toroid could function

as a signalizing mechanism to initiate the release of the capsid DNA. Our simulations predict

a rapid dynamic collapse of the toroid which would occur well before the remainder of the

genome would be ejected from the capsid. During collapse, the compressive force on the

connector increases four-fold from its value at equilibrium (see Fig. 2.11). In fact, this

reaction force as well as the reaction torque achieve maxima right as the toroidal DNA

straightens. It is impressive that rapid toroid collapse generates forces (∼110 pN) on par with

the strongest known molecular motors and without the need for additional ATP. This tandem

reaction force/torque “shock” might disturb the highly organized genome. Additionally, a

recent study by Geng et al. [26] on the gating mechanism in the φ29 connector concluded

that it could undergo stages of conformational change mediated by contact between DNA

and the C-terminal flexible domain. If the C-terminal domain acts as the trigger to induce

conformational changes, then it is possible that the large reaction forces/torques could cause

DNA/trigger contact, initiating yet another conformational change. While the connector

undergoes a conformational change upon DNA packing [25] to hold the pressurized genome

inside the capsid, we hypothesized that it must also undergo a second conformational change

to open the connector and allow DNA leakage back through the tail. Toroid collapse may

further dilate the connector to allow unhindered genome escape. Additionally, it has been

proposed that a triggered conformational change in bacteriophage SPP1 [61] and P22 [62]
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opens the connector and enables genome ejection. Finally, the large force/torque occurs right

as DNA straightens and their magnitude is independent of toroid size. This size independence

renders toroid collapse a robust signaling mechanism.

2. Toroid stabilizes pressurized virion: At first glance, the toroid resembles a single turn of a

helical spring which may help stabilize the densely packed genome. Changes in environmental

conditions (e.g. temperature or ionic conditions) over the life of φ29 cause fluctuations in

the highly-pressurized capsid DNA. In fact, the dynamics of bacteriophage genome ejection

have been probed by perturbing ionic conditions, which in turn affect capsid pressure [63].

The flexible toroid could serve as an essential source of mechanical compliance allowing the

tightly packed capsid to remain stable despite environmentally-induced pressure fluctuations.

This possibility follows from the force-deflection curve of Fig. 2.5 which confirms that large

change in toroid size produce little to no change in DNA compression (remains at ∼25

pN for toroids larger than 10 bp). By contrast, a straight column of DNA provides little

compliance and potentially induces much larger stresses in the capsid protein shell in response

to environmental disturbances.

3. Toroid initiates host infection: Upon opening the tail knob during infection, toroid collapse

may rapidly push the terminal protein gp3 ∼30-40 bp into the host cell, a process requiring

no aid from the capsid pressure or additional ATP. Hydrolytic enzymes decorating the tail

knob (gp13) help degrade the ∼250 Å host cell wall [64, 65, 66]. Thus, as the tail knob bores

into the host, the toroid could push gp3 significantly into the cell wall/membrane to help

degrade/puncture it.
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2.5 Conclusion

In summary, we employ a continuum-elastic rod and an all-atom MD model to simu-

late DNA buckling into a toroid and its subsequent ejection from the connector-lower collar

cavity. The rod model predicts that an ensemble of toroids can mechanically form under

biologically-relevant force levels. Equilibration in MD reveals that the dsDNA structure is

largely preserved under sharp bending through non-specific interactions with the cavity. Both

the energy landscape and the predicted density maps support the likelihood of an ensemble of

different sized toroids which combine to form the averaged experimental density map. Upon

simulating the dynamic ejection of the toroid, we compute large reaction forces/torques at

the connector which may signal an additional conformational change to allow the capsid

DNA unhindered escape into the host cell. We hypothesize that the mechanics of DNA may

not only help stabilize the phage, but also play an active role in governing genome release.

Higher resolution reconstructions of other bacteriophages may reveal similar DNA structures

in the phage portal/tail.
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Chapter 3

Microscopic flexibility of tightly

curved DNA minicircles

3.1 Introduction

Growing interest into the microscopic flexibility of double-stranded DNA is contin-

uously stimulated by the discovery of new protein-DNA complex structures in which DNA

has a significantly curved helical axis and/or is distorted. Because many of the proteins

that sharply bend DNA play a crucial role in gene expression and regulation, flexibility of

DNA is believed to contribute importantly to several biological functions. Some examples

of regulatory proteins that introduce localized bents in DNA are T7-RNA polymerase, lac

repressor, TATA box binding protein (TBP) and CAP protein [67]. Although structural and

thermodynamic data on these protein-DNA complexes are available, many details concerning

their molecular recognition and binding mechanisms remain elusive.

A variety of theoretical models and several physicochemical techniques [68, 69, 70, 71]

have been developed to study DNA conformational properties, and significant advances in
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our understanding of the DNA flexibility and bendability have been recently made [72, 73, 74,

75, 76]. However, many aspects of DNA mechanics and their possible effect on the protein

binding machinery are still open question. A particularly intriguing question is whether

DNA bending can occur spontaneously or if a bound protein has to exert a strong force on

DNA to overwhelm the intrinsic rigidity of the DNA duplex. While various theoretical and

experimental approaches have been implemented to characterize intrinsic bendability of the

DNA and to estimate the probability of spontaneous DNA cyclization, there is still ongoing

controversy in the field regarding this question [77, 78].

A classical continuum worm-like chain (WLC) model [79, 80], in which the inherent

flexibility of DNA is characterized by its persistence length, has been widely used to predict

DNA topology. The model has accurately reproduced experimental data for DNA motifs

larger than the persistence length of DNA [81, 82, 83]. Cloutier and Widom [84] recently

questioned the validity of the WLC description for DNA shorter than the persistence length.

They developed ligase-catalyzed DNA cyclization assays to measure the probability of ring

closure, i.e., the so-called j-factor. Measured j-factors for 94 base pair (bp) DNAs were

several magnitude greater than the theoretical predictions. The authors claim that none

of the existing DNA looping models accurately describes high-curvature mechanics of DNA

and insist on the redevelopment of the formalism.

The study by Cloutier and Widom motivated the development of a kinkable [85]

and of a meltable [86, 87] DNA models. The kinkable and the meltable DNA models are

extensions of the classical WLC approach, in which DNA was parametrized to account for

an enhanced local flexibility of DNA due to the presence of sharp kinks or melted bubbles.

Vologodskii and coworkers have revised the experimental procedure used by Cloutier

and Widom and argued that the study was not sufficient to conclude the enhanced DNA

flexibility in a highly bent regime. According to Vologodskii et. al. [88], the high cyclization

efficiency observed in the Cloutier and Widom study is the result of a non-adequate concen-
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tration of ligase used in the experiment. Vologodskii and coworkers have developed improved

ligase-catalyzed DNA cyclization assays and the data from their measurements are in a good

agreement with the WLC model. However, the validity of the classical WLC model has been

recently questioned again. This time, Vafabakhsh and Ha [89] have reported high cyclization

rates for short DNA motifs (67 to 106 bp) observed in the protein-free fluorescence-based

DNA cyclization assays. The results of this study have yet again been challenged by Volo-

godskii et. al. [77], who doubted the accuracy of the j-factor determination and the quality

of the DNA duplex used in the Vafabakhsh and Ha experiment. These controversies and mu-

tually exclusive data indicate that there is no agreement on whether sharp localized bending

can affect DNA flexibility. Furthermore, the kinkable and the meltable DNA models, the

only models that accurately predict high DNA cyclization rates, implicate distortions of the

double helix. Several recent studies have demonstrated localized DNA “softening” in the

absence of kinks and melted regions, modulated by the salt effects [90, 91]. However, none

of the studies has investigated the intrinsic flexibility of the DNA duplex in a highly bent

regime.

In the current study we examine the microscopic structure and flexibility of short DNA

(107 bp) via a multi-scale modeling approach. The modeling technique involves an interplay

between atomistic simulations and continuum representation of DNA and has previously

provided insightful results from simulation of complex nucleic acid assemblies [76, 92, 75]. We

uncover a significant increase in local flexibility of DNA upon duplex bending by comparing

the bond vector dynamics and configurational entropy between linear and circular DNA

states. Based upon simulation data, we propose a model for high-curvature DNA mechanics

that involves vibrational untightening of the DNA duplex upon its bending. Our new model

of DNA bending posits that “softening” of DNA in a highly bent regime is an inherent

property of DNA and does not necessarily require kinking or melting of the double helix. The

model has several important implications for protein-nucleic acid interaction: it suggests the

existence of possible DNA site-recognition mechanism that can take advantage of the shape-
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specific local mobility of the duplex, and provides evidence that DNA bending could be a

driving force in protein-DNA complex formation. Calculation of the bond order parameters

from the simulation lead to testable hypotheses via nuclear magnetic resonance (NMR)

experiments.

3.2 Methods

3.2.1 Setup and dynamics of the atomistic model of DNA

We have set up two identical 107-bp DNA duplexes with a sequence presented in

Table 3.1. Each DNA double helix has 10.7 bp per helical turn, which induces a slightly

negative twist on DNA. One of the two DNA duplexes was uniformly bent to form a planar

circle. The 3′ and 5′ ends of the bent DNA were patched to create a continuous DNA

minicircle. Building of atomic coordinates as well as DNA bending and twisting procedures

were performed by means of the DNA structure modeling server, 3D-DART [93]. Patching

of the circular DNA was accomplished in the CHARMM molecular modeling package [46].

Initial structures were then subject to energy minimization and all-atom MD simulation

in implicit solvent. The system was energy minimized for 1000 steps and then gradually

heated to 300 K with 50 K increments each 200 ps. The heating stage was followed by

constant temperature equilibration. The average temperature of the system was maintained

at 300 K via a Langevin thermostat with coupling coefficient of 5 ps−1. Vibrations of

covalent bonds to hydrogen atoms were harmonically restrained that allowed 2 fs integration

time steps during the MD runs. MD trajectories were obtained with the NAMD package

[51], using the CHARMM27 force field [94]. The solvation effects were simulated with the

generalized Born implicit solvent model [52] with a cutoff of 16 Å for calculating the Born

radius. The long-range interactions were truncated at 18 Å and the salt concentration
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5′ - AGATCGCTGAGGATGACATCGGGGGGCCGTGCGCATTCGCCGTGTGGAGC
CTGTCAGGTGGTGGTTGTGGTCTCCCTATAGTGAGTCGTATTAGGATCCG
ATGCTTC - 3′

Table 3.1: Sequence of the 107-bp DNA Duplex

was set to 0.2 M. Since the study employs a short linear DNA fragment to mimic the

behavior of the long continuous DNA molecule, the ends of the linear DNA motif should be

restrained form fraying. To preserve the DNA duplex structure on the terminal DNA bases

in the linear DNA, a root mean square displacement of heavy atoms on all four terminal

bases were harmonically restrained to an initial structure with a force constant of 1000

kcal/mol/Å2. Three independent 50 ns long trajectories for each of the DNA systems (linear

and circular) were generated from different Maxwell-Boltzman distibuted initial conditions.

Atomic coordinates were saved every picosecond.

3.2.2 Elastic rod model of DNA

Similarly to the previous chapter, we build upon the computational rod model of

[10, 16, 35, 75, 95] and approximate DNA as a homogeneous, isotropic, linear elastic rod

with uniform circular cross section. Specifically, we assume a slender rod undergoing small

deflections in which shear deformation and rotary inertia can be neglected (except in the

torsional modes). The bending and torsional stiffnesses of the rod are based on the DNA

bending and torsional persistence lengths of 50 and 75 nm, respectively [96, 97]. Following

classical Euler-Bernoulli beam theory (see for example [98]), the equation governing the

flexural vibrations of the rod is

∂2w(x, t)

∂t2
+
A

ρL

∂4w(x, t)

∂x4
= 0 (3.1)

where w(x, t) is the lateral deflection of the rod, A is the bending stiffness, and the linear
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DNA density ρL is assumed equal to 3.32×10−15 kg/m. The equation governing the torsional

vibration of the rod is

∂2θ(x, t)

∂t2
=

C

ρIzz

∂2θ(x, t)

∂x2
(3.2)

where θ(x, t) is the angular deflection of the rod, C is the torsional stiffness, ρ is the mass

density, and Izz is the polar area moment of inertia equal to πd4/32 where d is the 2 nm

diameter of DNA. The DNA length (L) is equal to 107 bp and thus the radius of the minicircle

(R) is equal to 2π/L.

3.2.3 Entropy calculations from the atomistic simulations of DNA

Quasiharmonic frequency analysis was used to calculate the configurational entropy of DNA

from MD simulations. The approach is based on estimation of the mass-weighed covariance

matrix of the atomic fluctuations obtained from MD trajectory. The matrix is then diag-

nolized and the matrix eigenvalues λi are used to compute the quasiharmonic frequencies of

bond vibrations: ωi = (kBT/λi)
1/2. Configurational entropy is then estimated via formula

for the quantum mechanical vibrations in the rigid-rotor harmonic oscillator model [99]:

S = kB
∑ h̄ωi/kBT

eh̄ωi/kBT − 1
− ln(1− e−h̄ωi/kBT ) (3.3)

where the summation occurs over 3N -6 vibrational frequencies, with N the number of heavy

atoms in the corresponding DNA system.

The quasiharmonic approach has been implemented to estimate the configurational

entropies of circular and linear DNA fragments from the three independent production-run
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simulations (last 45 ns of a total of 50 ns simulation time). Using Eq. (4.1) the time-

dependent entropies S(t) were calculated from increasingly long trajectory windows of du-

ration t = 1, 3, 5, 10, 15, 20, ..., 45 ns. Following Refs. [100, 101], the entropy at infinite

simulation time S∞, i.e. at convergence, was extrapolated from the data by fitting the

time-dependent entropy points with a function:

S(t) = S∞ −
α

tγ
(3.4)

where α and γ are the fitting constants. The estimated configurational entropies for the

linear and circular DNA systems are presented in Table (4.1).

3.2.4 Entropy calculations from the elastic rod model of DNA

Following the formalism in Ref. [102], we compute the natural vibrational frequencies

(ωn) of the elastic rod in two conformations, linear and circular. In both cases, we ignore

extensional deformations and rigid body modes. In the linear case, we consider a rod with

free boundary conditions subject to torsional deformations about the helical axis and bending

deformations in the two orthogonal directions. The bending modes for linear DNA are given

by

ωlinear,bending
n = x2

n

√
A

ρLL4
, (3.5)

where x{1−5} = {4.73, 7.85, 11.00, 14.14, 17.28} and π
2
(2n+1) for n ¿ 5. The torsional modes

for linear DNA have eigenfrequences:
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ωlinear,torsion
n =

nπ

L

√
C

ρIzz
, n = 1, 2, 3, ... (3.6)

In the minicircle case, we consider torsional and in- and out-of-plane bending defor-

mations. The eigenfrequences for the modes of a DNA ring are [102]:

ωring,torsion
n =

1

R

√
n2C + A

ρIzz
, n = 0, 1, 2, 3, ... (3.7)

ωring,in-plane
n =

n(n2 − 1)

R2
√
n2 + 1

√
A

ρL
, n = 1, 2, 3, ... (3.8)

ωring,out-of-plane
n =

n(n2 − 1)

R2

√
A

ρL
(
n2 + A

C

) , n = 1, 2, 3, ... (3.9)

The vibrational entropy of the elastic rod is then estimated with Eq. (4.1) with the

summation over the rod natural frequencies (ωn). Upon computing the natural frequencies,

we rank the associated wavelengths (1/ωn) in straight and minicircle cases without regard to

the type of deformation. As the mode number increases, the difference between the straight

and minicircle wavelengths vanishes on account of the wavelength becoming small relative to

the diameter of the minicircle. At ∼30 modes, the difference between straight and minicircle

conformations drops to 1% of the initial difference and thus it is unnecessary to consider

higher modes. Thus, only the lowest 30 modes are required in the summation in Eq. (4.1)

to discriminate between linear and minicircle DNA conformations.
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3.2.5 Calculation of S2 NMR order parameter from the atomistic

trajectories

In order to be able to make connections to future NMR measurements, the local

motion in linear and circular DNA fragments was characterized by S2 NMR order parameters

for deoxyribose H1′-C1′ bond and base C6-H6/C8-H8 bond vectors. The Lipari-Szabo model-

free approach [103] allows calculation of S2 as well as corresponding correlation time (τ)

through the parametrization of the bond-bond auto correlation function with a sum two

exponentials:

C(t) = S2 + (1− S2
f ) exp(− t

τf
) + (S2

f − S2) exp(− t

τs
) (3.10)

Here subscripts f and s denote fast and slow motions, respectively and S2 = S2
fS

2
s is the

plateau of the time autocorrelation function. It is assumed that fast and slow motions are not

correlated. Values of S2 close to zero correspond to increased bond mobility, while values of

S2 close to 1 correspond to “frozen” motion. The Lipari-Szabo model free approach assumes

that the internal and the overall motions are not correlated and thus, S2 parameter describes

the internal motion of the DNA duplex and characterizes the intrinsic property of the DNA.

S2 values for corresponding bond vectors were calculated from the last 40 ns of simu-

lation time. All frames in the trajectory were aligned by least square superposition of heavy

atoms to remove overall rotation and translation of the system. The bond-bond autocor-

relation functions for H1′-C1′, C6-H6 and C8-H8 bond vectors were computed from four

trajectory windows, each of duration 10 ns. Plateau values at 1 ns were determined by aver-

aging the tail values of the autocorrelation function. The results were averaged across twelve

ensembles. The computed values of S2 for the ribose and the base sites in the linear and

circular DNA states are plotted in Fig. 3.3. S2 values averaged over the sequence residues
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are presented in Table 3.2. To exclude the contribution of the harmonic force applied to the

terminal residues of the linear DNA, the order parameters in linear DNA has been averaged

over the non-terminal residues.

3.3 Results and discussion

We combined all-atom molecular dynamics simulations and the elastic rod approxi-

mation of DNA to determine the difference in structure, dynamics and flexibility between

circular and linear DNA of the same length and superhelical density (see Fig. 3.1). The

atomistic simulations reveal spontaneous transitions of DNA double helix into short-lived

states characterized by strand stretch and shear, base flips and local melting. To gain

further insight into the dynamics of these transitions, the time evolution of the distances

between hydrogen-bond donor (D) and acceptor (A) atoms in the Watson-Crick base pairs

(the W&C D-H-A distances) has been analyzed and visualized via the W&C D-H-A distance

matrix (see Fig. 3.2a). The plot illustrates numerous instances of the W&C D-H-A distances

higher than 3-4 Å (regions colored in red and blue), which denote DNA conformations de-

viated from the canonical B-form. It is evident from Fig. 3.2a that the deviations of the

DNA duplex from the canonical form appear to have stochastic nature and to be sequence

independent. Also, the helical distortions observed in the simulations are reversible within

several nanoseconds, with the only exception of a local strand separation in the linear duplex

that lasted ∼ 30 ns and did not reverse within the simulation time (see Fig. 3.2a, the top-left

corner graph).

While observed for both DNA states, linear and circular, an abundant local dynamics

within the duplex is more profound for DNA minicircles: helix disruptions are greater and

occur more frequently in the circular DNA as compared to its linear counterpart. This

becomes even more evident from the analysis of the scatter plot of the W&C D-H-A distances
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90° 
A B 

Figure 3.1: Snapshots of the 107-bp DNA minicircle (A) and the 107-bp linear DNA (B) obtained from the
atomistic simulations.

(see Fig. 3.2b), which illustrates the spread of all instantaneous W&C D-H-A distances

sampled during the simulation runs. The plot points out that while the majority of the

sampled distances segregate between 2-5 Å, large distances (> 5Å) frequently occur in both

duplexes during the simulation. It further indicates that circular DNA encounters more

instances of hydrogen bonding distortion during the simulation in contrast to linear duplex

and that the overall magnitude of the helical distortions is larger in circular than in linear

DNA.

Local motions within linear and circular DNA duplexes were further characterized

by NMR order parameter S2. S2 designates an amplitude of the bond-bond autocorrelation

function and is often used to describe the bond vector dynamics. We have chosen to examine

the behavior of the following DNA bond vectors: the deoxyribose bond vector C1′-H1′ and

nucleobase bond vectors C8-H8 (in pyrimidine bases) or C6-H6 (in purine bases). These bond

vectors not only provide a sufficient microscopic description of the base and sugar-backbone

flexibility, but also are easily measurable with NMR carbon spin relaxation experiments

[104],[105].

45



(b)!

101

101

W&C D−H−A distance in linear DNA, Å

W
&C

 D
−H

−A
 d

is
ta

nc
e 

in
 c

irc
ul

ar
 D

N
A,

 Å

DNA Linear

20
40
60
80

100

D
N

A 
ba

se

Circular DNA

20
40
60
80

100

D
N

A 
ba

se

10 20 30 40 50
Simulation time, ns

20
40
60
80

100

D
N

A 
ba

se

10 20 30 40 50
Simulation time, ns

 0

 5

 10

 15

 20

 25

 30

W&C D−H−A 
 distance, (Å)

(a)!

Figure 3.2: (a) The W&C D-H-A distance matrix for the linear and circular DNA. Plots in the left column
represent results from the three independent simulation runs of the 107-bp linear DNA and plots in the right
column reflect the three independent simulation runs of the 107-bp circular DNA. (b) The scatter plot of all
instantaneous W&C D-H-A distances in the linear and circular duplexes sampled during the simulation.
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S2
lin S2

cir ∆=S2
lin-S2

cir

deoxyribose C1′-H1′ bond vector 0.773 ± 0.020 0.670 ± 0.025 0.103 ± 0.032
base C6/8-H6/8 bond vector 0.791 ± 0.026 0.689 ± 0.030 0.102 ± 0.040

Table 3.2: S2 order parameters for the ribose and the base sites in linear and circular DNA averaged over
the sequence residues.

Estimated S2 values in linear DNA are in a good agreement with ones measured

previously by NMR techniques [105, 106, 107] or calculated in earlier MD experiments [105].

In accord with previous study [105], our calculations reveal slightly higher S2-values for C-H

bond vectors in the base than in the ribose (see Table 3.2). The terminal fraying effect

was not readily evident in our simulation due to the strong harmonic restrains applied on

the terminal bases (see section Methods). Similarly to the linear DNA, circular DNA also

demonstrates a slight drop in S2-values (increase in internal motion) from the base to the

ribose (see Table 3.2). The distribution of S2 along the DNA sequence is merely uniform in

both, linear and circular states and no significant sequence-dependent mobility variation is

noticed.

An important trend is observed when examining the relaxation dynamics of the bond

vectors. In the circular DNA, the nucleobase and sugar sites span a narrow S2 range of

approximately 0.65 to 0.7 units, which is systematically ∼ 0.1 units lower than values from

the corresponding sites on the linear DNA (see Table 3.2 and Fig. 3.3). Low S2-values

unambiguously characterize enhanced local mobility of sugar-backbone and nucleobases in

circular DNA relative to its linear counterpart.

Instances of unusually low S2-values in nucleic sequences have been reported previ-

ously. For example, it has been shown that order parameters can drastically drop down up

to about 0.2 units for nucleic residues flanking A-tracts [104] or located on the RNA hairpin

loop [108], at the DNA-protein interface [106, 109] or DNA damage [110] sites. Our current

study uncovers large-amplitude motion in tightly looped DNA duplex. This finding indicates

47



 0

 0.2

 0.4

 0.6

 0.8

 1

 0  20  40  60  80  100

S2

DNA base

Linear DNA
Circular DNA

 0

 0.2

 0.4

 0.6

 0.8

 1

 0  20  40  60  80  100

S2

DNA base

Linear DNA
Circular DNA

(a)!

(b)!

Figure 3.3: S2-NMR order parameters in linear and circular DNA for the deoxyribose H1′-C1′ bond vectors
(a) and for the base bond vectors H8-C8/H6-C6 (b).

that a new motional model of DNA has to be developed to explain steady and systematic

mobility increase in sharply bent DNA.

Calculation of vibrational entropies provides further insight into the microscopic be-

havior of tightly looped DNA minicircles and allows us to propose a new model of DNA

bending. Various polymer models have been widely used to characterize the behavior of

DNA loops [111, 112, 113, 95]. In the realm of the polymer theory, DNA ring closure is

an entropically unfavorable process. The loss of entropy is associated with the restricted

conformational space available to a polymer chain when its ends are tied together [112].

However, the polymer models do not account for the microscopic structure of DNA and

hence fail to include entropic contributions from the internal vibrations within the DNA du-
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plex. Conversely, the MD simulations provide an excellent microscopic description of local,

i.e., bond-level dynamics, but do not capture the large-scale, long-time dynamics (because

of the short timescale of the atomistic trajectories). Our study implements the elastic rod

representation of DNA, in which the vibrational motion of DNA is approximated as the vi-

brational motion of a homogeneous elastic rod, together with the atomistic simulations which

provide the information on the internal (local) vibrations within the DNA duplex. Merging

the two representations of DNA, atomistic and continuum, allows us to estimate entropic

costs of DNA cyclization due to both, large-scale and internal vibrational fluctuations of the

DNA double helix. Computationally, our study is important because large-scale dynamics

at the atomic level is impossible to simulate given the prohibitively large-simulation time

required, while large-scale continuum models (capable of capturing such large-scale motions)

lack atomistic resolution.

Vibrational analysis of the continuum model suggests that the cyclization of the 107-

bp DNA, which is shorter than the persistence length of the DNA double helix (∼ 150 bp),

occurs with a loss of vibrational entropy −T∆S = 21 kcal·mol−1 (see Table 4.3). This

estimate is comparable with the entropy loss upon cyclization of large polymer chains that

has been predicted with the WLC model to be ' 3-5 kcal·mol−1 [114, 112]. The atomistic

quasiharmonic analysis reveals that the entropic contribution from the internal motion of the

duplex is quite large and, in contrast to the vibrational entropy of the rod, favors tight DNA

looping. The configurational entropy values estimated from the six independent simulation

runs (see Table 4.1) are consistently higher in the circular DNA as opposed to the linear DNA.

The calculation suggests that for 107-bp DNA the entropy gain from the internal vibration

of the duplex upon its cyclization T∆S accounts to 805 kcal·mol−1 or 7.5 kcal·mol−1 on

average per bp (see Table 4.3). Thus, for sharply bent circular DNA motifs, the entropy

gain from the vibrational untightening is at least an order of magnitude greater than the

entropy loss from the polymer ring closure. This also implies that for short DNA duplexes,

∼ 100 bp, the cyclization is an entropically favorable process.
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total average per bp
continuum model estimate −21 −0.20

atomistic model estimate 805 ± 445 7.50 ± 4.15

Table 3.3: Vibrational Entropy Change upon Looping of 107-bp DNA duplex T(Scir-Slin) at T=300 K in
Units of kcal·mol−1

linear DNA circular DNA
simulation 1 25.857 27.089
simulation 2 24.573 29.281
simulation 3 24.810 26.927
average 25.080 ± 0.683 27.766 ± 1.315

Table 3.4: Calculated DNA Configurational Entropy Values in Units of kcal·mol−1·K−1

It is noteworthy that the change in vibrational entropy of a DNA duplex upon looping

of a short duplex is greater than upon undergoing the B- to Z-DNA transition (∼ 2-3

kcal·mol−1 per bp [115]), or upon drug intercalation into a DNA dodecamer (∼ 5 kcal·mol−1

per bp [116]).

One could argue that the harmonic restrains applied to the terminal base pairs of

the linear DNA would restrict the conformational space available to the system and thus

would lower the overall configurational entropy of the linear DNA molecule. The simulation

data indicate that the mean configurational entropy of a base pair in the linear DNA indeed

drops down when bases with harmonic restrains are included in the calculation. However,

the drop accounts only to 0.5%. Although, the total configurational entropy in the paper is

estimated from the covariance matrix of atomic fluctuations of the entire DNA, and not as

the summation over the individual residues, the underestimate of the total configurational

entropy in the linear DNA due to the harmonic restrains should not exceed 0.5%.

Based upon our calculation of the NMR order parameters and configurational en-

tropy, we propose a new model of DNA bending which comprises of an uniform sequence-

independent ‘softening’ of the double helix due to the vibrational loosening of the bent
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linear circular
number of hydrogen bonds a 260 224
average D-H-A distance, Å 3.066 ± 0.118 3.083 ± 0.121

Table 3.5: Hydrogen-bond signature pattern in the initial (before dynamics) energy minimized linear and
circular duplex conformations. aA formation of a hydrogen bond is assumed when the D-H-A distance is
less than 3 Å and the D-H-A angle is less than 20 degrees.

duplex. Our model also indicates that the driving force for a DNA high-curvature confor-

mation is the favorable entropic contribution from the vibrational untightening that largely

overwhelms the unfavorable entropy loss from the polymer ring closure.

Vibrational loosening and enhanced local flexibility imply a higher probability for

a bent DNA duplex to transition into short-lived alternative DNA conformations, which

has been observed in our atomistic simulation (see Fig. 3.2). Enhanced local mobility in

sharply bent DNA also implicates a higher probability for spontaneous kinking or melting

of ‘soft’ regions. This microscopic signature can further refine the kinkable and the meltable

statistical models proposed previously.

Structural analysis of the linear and circular duplexes suggests that mechanical stress

(in particular, bending) induces a change in hydrogen bonding formation in DNA duplex.

Thus, the W&C D-H-A distances in circular DNA are on average slightly larger than in its

linear counterpart (see Table 3.3). Also, the linear duplex forms more hydrogen bonds than

the circular one (see Table 3.3). Based on these observations, we speculate that vibrational

untightening and significant increase in internal motion upon DNA looping arise most likely

from the distortion of hydrogen bonding and destabilization of the π-π base stacking inter-

action caused by bending of the DNA double helix. However, a more detailed experimental

study is required to elucidate the details of this phenomenon.

Interestingly, the atomistic simulations indicate that the formation of a DNA minicir-

cle is also driven by a favorable enthalpic contribution (see Table 3.6), albeit less favorable
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than the entropic one (68 vs. 805 kcal·mol−1, respectively). Calculation of molecular inter-

action energies within linear and circular DNA states from the atomistic trajectories reveals

an intriguing feature: although the bonded energy (i.e., bond, angle, dihedral and improper

potential energy terms) of DNA duplex grows upon DNA cyclization (by 47 kcal·mol−1), the

electrostatic and van der Waals (non-bonded) forces drive the circular duplex into an energet-

ically favorable basin (see Table 3.6). We assume that the drop of non-bonded interactions

is caused by destabilization of the π-π base stacking and distortion of hydrogen bonding

in bent DNA. Our observation is in good qualitative agreement with a recently published

electrostatic energy landscape for DNA helix bending, which suggests that slightly bent

DNA is electrostatically favorable [117]. However, the exact value of the enthalpic contribu-

tion calculated in our simulation should be interpreted with caution. The implicit solvent

model implemented in the simulation accounts only for partial screening of Coulombic re-

pulsion/attraction forces between two strands that are brought together. In real systems,

positively charged ions could reside in the DNA grooves or bind to the strand phosphates.

Ion binding and correlation between ions would induce additional attraction between DNA

strands and thus further facilitate DNA bending [90, 91].

The relaxed bond distance interaction observed in the DNA minicircle implies a spon-

taneous curvature of the DNA duplex that is independent of the sequence, which, in turn,

suggests that thermal fluctuations would drive the DNA interconversion between the linear

and circular states. However, a (slow) kinetics of the interconversion between two states is

defined by a (large) potential barrier that separates the two stable minima on the energetic

hyper surface. Due to the slow kinetics of the process, the interconversion of the linear and

circular DNA forms occurs on a timescales exceeding the simulation time of the current

study and therefore, is not evident in the current atomistic simulations.

In contrast to explicit representation of solvent molecules, the less accurate GBIS

model allows a much more efficient sampling of conformational space. Given a large size
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bonded energy 47 ± 1
non-bonded Energy -115 ± 4
total -68 ± 4

Table 3.6: Interaction Energy Change upon DNA looping (Ucir-Ulin) in Units of kcal·mol−1

of the DNA models in the current simulation study, we choose to compromise the accuracy

for the computational efficiency, and therefore use the GBIS. However, one can argue that

some of the observed flexibility in a bend DNA duplex might be an artifact due to the use

of an implicit solvent model. Several previous studies examined the effect of the generalized

Born implicit solvent (GBIS) model on the linear DNA [118, 119, 120] and on the small

DNA minicircles [118, 121, 122]. They show that the average structure of the linear DNA

oligomers modeled with the GBIS is in a good agreement with the results of explicitly

solvated calculations, although a slight increase in flexibility is observed for the GBIS. Less

agreement between the implicit and the explicit solvation models was reported for the circular

DNA. Thus, the recent study by Mitchell and Harris reveals that the structural form of helix

disruptions differs between the two solvent models [118]. However, Mitchell and Harris insist

that the GBIS is a legitimate approximation if one aims to estimate the overall shape and the

amount of DNA denaturation, but not the specific structure of the helix disruptions [118].

Provided, that we aim to examine the overall local flexibility of the duplex, but not the

specific structure of the helix disruptions, we are confident that the GBIS is a good choice.

Previously, the GBIS was successfully implemented to model DNA minicircles of∼100 pb and

provided results that were in a good agreement with explicit calculation [118, 121, 122, 74]

Furthermore, Mitchell and Harris [118] demonstrated that the local DNA flexibility increases

with the torsional load on the circular DNA duplex (either positive or negative) in both

solvation models, but is less evident in the implicit calculations [118]. This observation

implies, that the local flexibility and the destruction of the hydrogen bonding observed in

slightly underwound DNA minicircles in our simulation study, would only increase in the

explicit calculation, which in turn would increase the difference between the circular and
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linear DNA and thus reinforce the simulation results.

3.4 Conclusion

New aspects of DNA cyclization are revealed in the current study. Our simulations

suggest a local, bp-level vibrational loosening of DNA upon duplex bending, which results in

an enhanced microscopic flexibility in bent and looped DNA motifs. Here we discuss a phys-

iological relevance of this finding and propose an experimental study that could investigate

this new view in greater detail.

The inclusion of local motional in loosening of DNA during bending provides an

explanation for spontaneous cyclization of DNA duplex observed in ligase-catalyzed and

fluorescence-based DNA cyclization assays (see the discussion in the Introduction). We

can justify the discrepancy between the experimental data and the classical WLC model

predictions by the localized “softening” of bent DNA regions, which the WLC approach or

any continuum representation of DNA do not account for. We demonstrate that the gain in

inherent microscopic flexibility of the DNA duplex upon bending is substantial and hence

should be incorporated into the existing models of DNA looping.

A significant entropy gain upon sharp DNA bending might be an important factor in

the choice of a thermodynamic strategy for protein-DNA complex formation. The binding

entropy has been largely attributed to the conformational rearrangements within the DNA

and the protein at the interaction interface and the displacement of water molecules from

the binding site [123, 124]. However, a resent study has uncovered an intriguing systemic re-

lationship between structural properties of the complex and the thermodynamics of binding.

The authors argue that there is a positive correlation between the extent of DNA bend-

ing/distortion in protein-DNA complexes and the entropic contribution to the binding free
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energy [125]. Our model for DNA bending speaks in favor of this notion. The model also

suggests that favorable entropic contribution from the vibrational loosening of bent DNA

might be the driving force in formation of such complexes. An average DNA binding site is

∼ 4-6 bp long. According to our model, the entropy gain upon bending of binding sequence

of this length should vary in the range of ∼ 30 to 45 kcal·mol−1. Provided that the binding

entropy does not exceed 30 kcal·mol−1 [125], it is very likely that the entropy gain upon helix

bending contributes the most to the free entropy of binding.

Many proteins recognize and bind to a specific DNA sequence. These proteins are

called site-specific and bind to their target sequence with affinities much higher in com-

parison to random sequences. Sequence recognition mechanism has been studied rigorously

and two strategies for sequence readout (direct an indirect) have been proposed. The direct

readout implies that protein amino acid side chains directly examine a hydrogen-bonding

patterns between the four bases along the DNA. The mechanism of indirect readout relies on

examining the overall structure generated by the sequence, for example, by recognizing the

sequence-dependent mechanical properties of the duplex, structural inhomogeneities, differ-

ences in stacking and twisting parameters and sequence-dependent flexibility and bendability

of the DNA.

It has been also demonstrated that regulatory proteins exhibit unusually high affinities

when they bind to prebent DNA binding sites [126, 127, 128, 129, 130, 131], indicating that

“learning” DNA shape is an important component of site-specific recognition. However, the

exact molecular mechanism of DNA shape readout has not been uncovered. The new model

of DNA bending allows us to propose a new strategy for DNA shape recognition that takes

advantage of the conformation-specific local mobility of the DNA duplex. According to our

model, local bond dynamics in prebent unbound DNA depends on the extent of vibrational

untightening, which is dictated by the intrinsic curvature of the duplex. The model suggests

that protein can recognize the shape of the DNA by probing the internal motion of the
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duplex. We propose that the DNA shape recognition, based on “censoring” the local details

of the mobility of the duplex, could be an effective search strategy for bent DNA regions.

Furthermore, we argue that enhanced local mobility of the prebent DNA region would

allow a more sufficient sampling of conformational space of DNA binding site, optimizing a

search for the best fit DNA conformation. The best fit of the DNA binding site assures a

tighter protein binding, which results in higher binding affinity. Similar mobility considera-

tions have been recently proposed for the existence of a “second-tier” genetic code involving

motions in “excited” DNA Hoogsteen states [73].

High-curvature DNA mechanics might also alter interconversion pathways between

alternative DNA conformations, such as A, B, Z and S, and affect the mechanism of ligand

intercalation into the DNA. It has been demonstrated in earlier studies that inclusion of a

ligand in between base pairs of DNA requires local vibrational untightening of the duplex

around the binding site [116] and might cause duplex bending. The vibrational entropy loss

due to the ligand intercalation is ∼ 5 kcal·mol−1 per bp [116]. Thus, vibrational loosening of

the duplex upon bending implies facilitated ligand insertion into high-curvature DNA regions.

Transitions of DNA into alternative forms occurs on a complicated free energy landscape

and often involves formation of non-canonical intermediate conformers [132]. Curved DNA

regions with inherently high entropy could drive the structural transition along a pathway

that is different from the one for linear molecule to accommodate vibrational freedom of the

duplex.

Vibrational loosening of bent DNA duplex could similarly be a key mechanism un-

derlying allosteric properties of DNA. A recent study of allostery through DNA [133] has

demonstrated that protein binding affinity to DNA is highly correlated with another bind-

ing event through the separation distance between the two sites. The authors also provide

evidence that the degree of correlation between the two events largely depends on the me-

chanical properties of the linker DNA. We further argue that the two sequential binding
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events are most likely to be modulated throughout the vibrational loosening of the DNA

duplex caused by the first event.

In summary, we have proposed a new model of DNA bending, based on vibrational

loosening of bent duplex and characterized by an enhanced local dynamics of sharply bent

regions. Bond dynamics in DNA minicircles can be probed by NMR experiments. In par-

ticular, S2-values for C-H bonds can be measured with NMR carbon relaxation techniques

and compared with the order parameters calculated in the current study.

The presence of an enhanced microscopic flexibility in a bent DNA brings us one step

closer to understanding of the structural and energetic principles of DNA architecture. The

proposed model of DNA bending suggests new mechanisms for protein-DNA and drug-DNA

interaction and complex formation. The knowledge of the microscopic flexibility of the DNA

obtained from this study can be beneficial for future design, engineering and manipulation

of various nucleic-acid based nanomaterials.
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Chapter 4

Impact of bending and torsional

deformations of DNA on the

structure of T7-RNA polymerase

4.1 Introduction

Transcription is a process that involves the copying of genetic information from DNA

to messenger RNA by the enzyme RNA polymerase (RNAP); RNAP is a key player in the

survival and growth of the living cell. Transcription is the first step in gene expression and,

therefore, RNAP is a popular target for regulation. Over the last few decades, we have

witnessed tremendous breakthroughs in our understanding of the biophysical mechanisms

underlying RNA synthesis by RNAP [134, 135, 136]. And yet, despite these advances, many

molecular details of the relationship between RNAP activity and the DNA template itself

remain unclear. Since DNA under the native conditions in the cell is supercoiled, wherein

it sustains bending and torsional strain, mechanical strain within DNA is central to under-
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standing RNAP function in the cell. Paradoxically, supercoiling is both generated during

transcription [137] and capable of directly regulating RNAP [138]. It has been a longstanding

goal to understand the structural basis through which DNA supercoiling directly regulates

RNAP [139].

Transcription is initiated when RNAP binds to a DNA promoter region and locally

opens the DNA duplex into a transcription bubble (TB). RNAP then slides along the DNA

and synthesizes RNA by incorporating correct nucleotide to a primer strand of DNA at each

translocation step. The early stages of transcription are characterized by abortive initia-

tion, in which RNAP produces a series of short RNA fragments. Later, RNAP undergoes

significant conformational changes from the unstable initiation to a stable elongation com-

plex (EC) in which it can processively transcribe the entire gene [140]. However, recent

studies report that transcription elongation by RNAP can be strongly inhibited by tight

DNA looping [141], [142]. Lionberger and Meyhöfer characterized transcription elongation

by bacteriophage T7 RNAP (T7 RNAP) on tightly bent DNA minicircles in vitro [141]. In

their study, transcription rates were measured on the three model systems: DNA minicircles

of 100 bp, 106 bp, and 108 bp, possessing qualitatively distinct states of torsional stress:

underwound, overwound, and relaxed, respectively. This study revealed that the elongation

velocity and processivity are drastically repressed (∼100-fold) by the tight DNA looping and

mildly affected by varying the torsional load on DNA minicircles. The notion that DNA

template mechanics inhibits transcription was further supported by Becker et. al. [142],

who demonstrated in vivo that tight DNA loops in E. coli bacteria repress the transcrip-

tion elongation. A separate study [143] showed that elongation by T7 RNAP was similarly

repressed by tight DNA looping in vivo.

Despite many phenomenological observations establishing a relationship between DNA

supercoiling and transcription, there has been no study to our knowledge that has elucidated

the structural details of the RNAP elongation on supercoiled DNA. The structure-function
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relationship between RNAP and DNA template mechanics therefore remains largely unde-

fined. In the current study, we build and analyze computational models of the T7 RNAP EC

bound to the small DNA minicircles sustaining variable torsional strains in order to describe

how mechanical strains within the DNA duplex influence RNAP structure and dynamics.

The current study employs all-atom molecular dynamics simulations to model the interaction

of T7 RNAP with three DNA minicircles, which are physically identical to the DNA tem-

plates used in the biochemical assays by Lionberger and Meyhöfer [141]: a 100-bp minicircle

with linking number 9 (Lk = 9), 106-bp with Lk = 10, and 108-bp with Lk = 10. Each of

these minicircle templates corresponds to underwound, overwound, and relaxed states of the

DNA duplex, respectively. Additionally, to distinguish between the effects of torsional and

bending strains, we perform simulations of the T7 RNAP EC with two short linear DNA

fragments, each sustaining a different level of twist. The two linear DNA motifs are identical

in length (30-bp) and sequence, but possess different number of bp per helical turn (11.1

bp/turn and 10.6 bp/turn), which corresponds to underwound and overwound DNA states,

respectively.

Due to its small molecular weight (98 kD) and a wealth of high-resolution crystallo-

graphic data available, T7 RNAP provides a convenient model for atomistic simulations. The

single-subunit T7 RNAP has four major functional subdomains: N-terminal (residues: 1-

325), thumb (residues: 326-411), palm residues: 412-553 and 785-883), and fingers (residues:

554-784). The mechanism of T7 RNAP translocation is a complicated, multi-stage process

involving global structural rearrangements, mainly in the fingers subdomain [144], however

it can be reduced to four major steps: (1) the translocation step begins with a new nucleo-

side triphosphate (NTP) substrate binding to the polymerase in the post-translocated state

with the fingers domain in the “open” conformation and the 3’ end of RNA cleared of the

nucleotide binding site. Upon binding of the NTP into the active site, the fingers subdomain

changes its conformation to a “closed” state. (2) The nucleotide base is catalytically incorpo-

rated onto the 3’ end of the RNA after pyrophosphorolysis of the NTP. (3) The polymerase
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changes its conformation to the pre-translocated state with the fingers domain in the “open”

conformation and the 3’ end of RNA occupying the nucleotide binding site. Simultaneously,

the pyrophosphate (PPi) is released from the active site. (4) The polymerase translocates

one nucleotide downstream of the DNA template strand and changes its conformation from

the pre-translocated to the post-translocated, ready for the next incoming NTP.

In the present study, we use molecular dynamics simulations of T7 RNAP bound to

mechanically strained DNA templates in order to glean insight into how DNA supercoiling

influences RNAP structure. The simulation trajectories were analyzed to quantify two in-

terrelated features that lie at the heart of the supercoiling problem: (1) the response of the

T7 RNAP to changes in DNA torsional and bending loads; and (2) the topological states

and structural details of the DNA minicircles as they respond to the duplex unwinding by

T7 RNAP. We observe remarkable differences between the conformations of T7 RNAP in

complex with minicircle templates that are initially (i.e., prior to RNAP docking) under-

twisted, overtwisted, and relaxed. These differences include the displacement magnitude

of the core protein subdomains, values of interaction energy between the polymerase and

the template and vibrational behavior of the RNAP. Next, we show that structural changes

and fluctuations within the core protein subdomains correlate with the torsional load on the

bound DNA. Based on these structural differences we propose a structural mechanism by

which transcription elongation may be hindered on bent and twisted DNA templates.

4.2 Methods

4.2.1 Building atomistic models

All five model systems in our study were constructed based on the post-translocated reference

crystal structure of T7 RNAP EC [145]. Every model consists of a DNA with the TB, T7
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RNAP bound to the TB and a 10-nt RNA transcript annealed to an open section of the

template DNA strand in the active site, with the 7-bp RNA-DNA hybrid. The topologies of

the DNA minicircles were calculated with the elastic rod model of DNA [10, 16, 35, 75, 95],

which is described in section 1.2.

The three DNA minicircles (100-bp, 106-bp and 108-bp) have identical sequence ex-

cept the nucleotide inserts that change the size of the minicircle (see Table 4.1). Every

DNA duplex was uniformly bent to form a planar circle and twisted to reach a desirable Lk.

Building of atomic coordinates as well as DNA bending and twisting procedures were per-

formed by means of the DNA structure modeling server, 3D-DART [93]. The 3′ and 5′ ends

of the bent and twisted DNA helices were patched to create a continuous DNA minicircle.

Patching of the circular DNA was accomplished in CHARMM molecular modeling package.

Finally, the DNA minicircles were energy minimized for 1000 integration steps in implicit

solvent.

...ATCGGATCCTAATACGACTCACTATAGGGAGACCACAACCACCA
CCTGACAGGCTCCACACGGCGAATGCGCACGGCCCCCCGATG
TCATCCTCAGCGAT… 

...ATCGGATCCTAATACGACTCACTATAGGGAGACCACAACCACCA
CCTGACAGGCTCCACACGGCGAATGCGCACGGCCCCCCGATG
TCATCCTCAGCGATctgagc… 
...ATCGGATCCTAATACGACTCACTATAGGGAGACCACAACCACCA
CCTGACAGGCTCCACACGGCGAATGCGCACGGCCCCCCGATG
TCATCCTCAGCGATctgaagca… 

Note: lower case letters in blue color are sequences inserted to change the size of the minicircle 
template. Letters in bold red are complementary bases to the “crystal sequence” and thus 
denote a site for polymerase docking on the nontemplate strand. 

5’-GACAGGCTCCACACGGCGAATGCGCACGGC-3’ 

Table 4.1: Sequences of DNA nontemplate strands.

The further procedure of the system setup is schematically illustrated in Fig. 4.1.

The half-quadratic biased molecular dynamics (HQBM) routine [146] was implemented to

62



locally separate the complementary strands of the DNA minicircle and to create the scaffold

that mimics the TB formed by the DNA in the post-translocated T7-RNAP EC crystal

structure (see Fig. 4.1 A → B ). The HQBM dynamics requires a selection of a reaction

coordinate leading from the initial to the desirable final state of a molecular system. Once

the reaction coordinate ρ(t) is defined, a time dependent perturbation W (r, t) of the form

described by Eq. (4.1) is added to the molecular potential to bias the system along the

reaction coordinate towards the final state.

W (r, t) =


α
2
(ρ− ρa)2, if ρ(t) < ρa

0, if ρ(t) ≥ ρa

with: ρa(t) = max
0≤τ≤t

ρ(τ)

(4.1)

In the crystallographic study by Yin and Steitz [145], the T7 RNAP EC contained a 30-bp

DNA, of which 37 nucleotides (nt) are visible in the electron density map: 20-nt on the

template and 17-nt on the non-template strand, respectively. Ten DNA bases (n+1 to n+10

and their complements in the crystal structure form a duplex, while the remaining bases

(n-10 to n on the template strand) are non-complimentary and form an open section of

DNA double helix, TB [145]). We define the sequence of the DNA template strand used in

crystallographic study as a “crystal sequence”.

All three DNA minicircles were deliberately constructed to include a 30-bp double

helical fragment with the ”crystal sequence” and its complement (see table 4.1). To closely

mimic the position and orientation of the nucleotides in the TB on the DNA minicircle to

their position and orientation in the crystal stracture, a motif of the circular DNA containing

the “crystal sequence” was biased via HQBM to adapt a conformation closely resembling the

conformation of DNA strands in the crystal structure (see Fig. 4.1 A→ B ). The final state
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Figure 4.1: A schematic illustration of a system setup for a T7 RNAP EC bound to DNA minicircle. A: a
circular DNA; B: circular DNA biased towards the crystal structure; C: a minicircle with the RNA-DNA
hybrid in the TB; D: DNA bound - T7 RNAP EC.

for HQBM, or reference structure, was defined by a set of DNA atoms in the T7 RNAP crystal

structure. In particular, the reference structure consisted of all heavy atoms on the 20-nt

template strand and on the 10 complimentary bases on the nontemplate strand and backbone

atoms P, O5′, C5′, C4′, C3′ and O3′ on the remaining 7-nt portion of the noncomplimentary

nontemplate strand. The corresponding 20-nt of the ”crystal sequence” and 17-nt of its

complement in the DNA minicircle were biased towards the reference structure. The reaction

coordinate was defined as a measure of the instantaneous ”distance” between the reference

structure and the biased structure:

ρ(t) =
1

N(N − 1)

N∑
i=1

N∑
j 6=i

(rij(t)− rRij)2 (4.2)

where rij = ri − rj, r
R
ij are the coordinates of the reference structure and N is the total

number of atoms in the reference structure. The biasing procedure was performed with

a strong biasing force (α=104 kcal·mol−1 · Å−2) at a constant temperature of 300K, using

GBMV implicit solvent model [47, 48, 49]. The HQBM runs were performed with CHARMM

software [46]. Finally, the RNA and the protein coordinates from the crystal structure were

added to the modeled complex (see Fig. 4.1 B → C → D) and missing protein loops

were constructed with Modeller [147]. The entire complex (DNA-T7 RNAP-RNA) was then
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Figure 4.2: Energy minimized T7 RNAP EC bound to 100-bp (a), 106-bp (b) and 108-bp (c) DNA minicircles.

Figure 4.3: Energy minimized T7 RNAP EC bound to 30-bp linear DNA, top (left) and side (right) views.

energy minimized. The energy minimized structures of the post-translocated T7 RNAP EC

bound to the three DNA minicircles are shown in Fig. 4.2.

The same procedure was implemented to construct the two atomistic models of the T7

RNAP EC with linear DNA motifs. The two linear DNA motifs were build to have a

desirable number of bp/turn. The sequence of the linear DNA template strand is identical

to the ”crystal sequence” (see Table 4.1). The HQBM reference structure in both linear

DNA motifs was the same as in the circular DNA and the biasing procedure was identical

to the one described for the DNA minicircles. The energy minimized structures of the post-

translocated T7 RNAP EC bound to the 30-bp linear DNA motif is shown in Fig. 4.3.
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4.2.2 Molecular dynamics simulations

Equilibration of the three minicircle systems proceeded in two steps. At the initial stage of

equilibration the protein atoms were fixed. The systems were slowly heated and equilibrated

at a constant temperature of 300K. The times required for equilibration and supercoiling of

DNA in T7 RNAP complex were 140, 112 and 80 ns for underwound (100-bp), relaxed (108-

bp) and overwound (106-bp) DNA states, respectively. Next, the protein atoms were unfixed

and the systems were energy minimized, then slowly heated and equilibrated. Equilibration

procedure involved a slow release of harmonic restrains (see Table 4.3). Additionally, distance

restraints, that prevented the hydrogen-bond donor from moving more than 3 Å, were applied

to the terminal bases of the TB and to the RNA-DNA hybrid during the last 30 ns of

simulation time. These distance restraints were necessary to preserve the size of the DNA

TB and to refrain the RNA from peeling.

The two linear systems were slowly heated and equilibrated following the same sched-

ule of harmonic restraint release implemented for the minicircle systems (see Table 4.3).

While in a covalently closed DNA minicircle the Lk is preserved, additional restrains needed

in the linear DNA to prevent it from unwinding. To conserve the twisting load on a linear

motif, root mean square displacement (RMSD) of heavy atoms in the duplex portion of DNA

were restrained to an initial structure with a force constant of 100 kcal/mol/Å. Similarly to

the minicircle system, the size of the TB and DNA-RNA hybrid interaction were preserved

by the distance restraints applied during the last 30 ns of simulation time.

The simulations of all five systems were performed in identical conditions, at a con-

stant temperature of 300K and using implicit solvent model (GBIS [52] with a cutoff of 16

Å for calculating the Born radius). The temperature was controlled by using the Langevin

thermostat with a coupling coefficient of 5 ps−1. Equilibration was carried out with NAMD

software [51] and CHARMM36 force field [148], [149]. The long-range interactions were cal-
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Time, ns KBackbone, KSidechain, KTB+RNA,
kcal·mol−1 · Å−2 kcal·mol−1 · Å−2 kcal·mol−1 · Å−2

5 60 60 60
1 60 40 60
1 60 20 60
1 60 5 60
1 60 0 60
1 40 0 60
1 20 0 60
1 5 0 60
58 0 0 60
1 0 0 40
1 0 0 20
1 0 0 5
30 0 0 0

Table 4.2: Release schedule of harmonic restraint. KBackbone, KSidechain and KTB+RNA are the harmonic
force constants applied to heavy atoms of the protein backbone, the protein side chains and the DNA TB
and the RNA, respectively, to restrain their Cartesian coordinates to the positions in the initial structure.

culated with a cutoff of 18 Å. The salt concentration was set to 0.2 M. The vibrations of

covalent bonds to hydrogen atoms were harmonically restrained and all the MD runs were

performed with 2 fs integration time step. Atomic coordinates were saved into a trajectory

every 1 ps. The last 10 ns of the simulation time were used for the collection and analysis

of equilibrium data. Later in the paper, we refer to the equilibrium conformation of T7

RNAP EC, which is the average of the conformational states sampled during the last 10 ns

of simulation time.

4.2.3 Vibrational analysis

The collective motion of the polymerase was identified by the normal mode analysis (NMA) of

the residue-based Gaussian and Anisotropic network models (GNM and ANM). According to

the GNM model, the protein is represented by a collection of nodes connected with harmonic

springs. The nodes correspond to protein Cα atoms and the springs represent the bonded
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and non-bonded interactions between the pairs of residues located within a defined cutoff

distance rc. The total potential energy of a protein composed of N residues is the summation

of all harmonic interactions and can be expressed as:

V =
γ

2

∑
i

∑
j

(Rij −R0
ij)

2H(rc −Rij) (4.3)

where γ is the spring force constant, Rij and R0
ij are the instantaneous and equilibrium

distances between nodes i and j and the H(rc − Rij) is the Heaviside step function that

selects all residue pairs within the cutoff separation of rc. The total potential energy can be

also represented in matrix notation:

V =
γ

2
[∆RT (Γ⊗ E)∆R] (4.4)

where Γ is the Kirchhoff (or connectivity) matrix of interresidue contacts, ∆R is the 3N-

dimensional vector of node fluctuations, ∆RT is its transpose, E is the identity matrix and

Γ⊗E is the direct product of Γ and E, found by replacing each element of Γ by the diagonal

matrix ΓijE. The Kirchhoff matrix is defined by:

Γ =



−1, if i 6= j and Rij ≤ rc

0, if i 6= j and Rij > rc

−
∑
j,j 6=i

Γij, if i = j

(4.5)

The GNM model, proposed by proposed by Bahar et al. [3] (GNM online), assumes

that node fluctuations are isotropic and Gaussian. ANM is an extension of the GNM that

assumes anisotropic fluctuations and thus describes the dynamics of the system within an
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3N-dimensional configurational space. According to ANM, the total potential energy of the

system can be still described by the equation 4.3. However, in the ANM representation, Rij

and R0
ij are the 3N-dimensional displacement vectors and not scalar distances like they are

in GNM. In matrix notation, the total potential energy can be expressed as following:

V =
1

2
[∆RTH∆R] (4.6)

where H is the Hessian matrix and ∆R and ∆RT are the vector of fluctuations and its

transpose, respectively. The main difference between the GNM and the ANM is the form of

the potential function. As opposed to the ANM potential, that concerns itself only with the

magnitudes of the inter-residue distances, the GNM potential additionally accounts for the

changes in the orientation of the of the inter-residue vector. This makes the GNM a more

accurate model for estimating the deformation magnitudes, or the distribution of motions

of individual protein regions. However, the ANM describes the dynamics within an 3N-

dimensional congurational space and therefore, is indispensable for assessing the directions

or mechanisms of motions.

The low-frequency vibrational modes of the protein can be calculated from either

the GNM or the ANM model, by performing the eigenvalue decomposition of the Kirchhoff

(in case of the GNM) or Hessian (in case of the ANM) matrices. The resulting eigenvalues

represent the frequencies of the individual modes and the eigenvectors dene the shapes of

the modes. The only two adjustable parameters in both models, GNM and ANM, are the

force constant γ and the cutoff distance rc. The cutoff distance is usually taken as 10 Å

in GNM and 15 Å in ANM residue-based calculations for protein systems. Spring constant

values for the ANM and GNM models of the T7 RNAP were estimated by closely matching

the mean square fluctuations of protein residues in the atomistic and in the residue-base

models. Comparison of the two approaches indicates that the atomistic simulation results

are best reproduced by adopting the force constant γ=0.01 kcal·mol−1 · Å−2 in GNM and
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γ=0.1 kcal·mol−1 · Å−2 in ANM, respectively. All the GNM and ANM calculations reported

in the current study were performed with these values of the force constants.

4.3 Results

4.3.1 Protein structural analysis

We observe remarkable differences between the equilibrium conformations of the T7 RNAP

bound to the mechanically stressed DNA and the crystal structure of T7 RNAP EC. The

overall change in polymerase structure is quantified by the root mean square deviation

(RMSD) of the T7 RNAP EC from its crystal reference structure (see Fig. 4.4). In complex

with the DNA minicircle, the equilibrium conformation of the T7 RNAP moves away from

the crystal structure by ∼ 7 Å, 9 Å and 11 Å when bound to the underwound, relaxed, and

overwound DNA states, respectively (see Fig. 4.4 a). These large RMSD values indicate

that significant structural rearrangements occur within the protein complex when it interacts

with a bent and twisted DNA template. Additionally, the RMSD data (Fig. 4.4) clearly

demonstrate the strong response of the polymerase to the change in DNA torsional strain:

the higher the magnitude of torsional load applied to DNA, the larger the RMSD of the

T7 RNAP EC (i.e., the more conformational change experienced by the protein). Similar

sensitivity to the DNA torsional load is observed in the T7 RNAP bound to the linear DNA.

In particular, the protein RMSD are consistently larger (by ∼ 2 Å) for the overwound linear

DNA as compared to the underwound state during the entire simulation time (see Fig. 4.4

b). DNA bending seem to play a nontrivial role in defining the protein conformation (and

likely the functionality) since the RMSD change due to the increasing DNA torsional load

is more prominent in the complex with the circular DNA rather that in the linear system.

The simulations of T7 RNAP docked to torsionally strained, linear DNA templates
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Figure 4.4: RMSD of T7 RNAP EC, which is bound to the DNA minicircles (a) and to the linear DNA (b),
during the simulation run.

provide valuable insight that is necessary to differentiate between the effects of bending and

twisting the DNA template. Whereas direct comparison of these two polymerase conforma-

tions is critical to quantify the effect of DNA torsional load on polymerase structure and

dynamics, we anticipate that both conformations are slightly shifted from their stable equi-

librium states. Unlike the simulations of T7 RNAP docked to DNA minicircles, the linear

systems were simulated with an extra set of strong harmonic restrains applied to the DNA

helix, needed to prevent linear DNA from unwinding (see Methods section). Relatively high

RMSD values observed for the linear systems (in contrast to the minicircle DNA) are most

likely the artifact of these additional harmonic restraints that drive the system away from

its stable state, characterized by the global minimum on the restraint-free potential energy

surface. This fact is taken into consideration in the proceeding structural analysis of the T7

RNAP.

To identify regions of the T7 RNAP EC that are particularly susceptible to DNA

twisting and bending, we calculate the average, residue-based RMSD of the protein with

respect to the reference crystal structure (see Fig. 4.5). Analysis of the residue-based

RMSD suggests that the major structural rearrangements of the T7 RNAP caused by the

interaction with supercoiled DNA occur within the thumb, fingers, and subdomain H (SH).
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Figure 4.5: Residue-based RMSD of the T7 RNAP EC, bound to the DNA minicircles (a) and to the linear
DNA (b).

Furthermore, the magnitude of the displacement of the protein subdomains increases with

the twist load on the bound DNA. This trend is particularly prominent within the thumb

domain when T7 RNAP is bound to the DNA minicircles (see Fig. 4.5 a) as compared to

the linear DNA (see Fig. 4.5 b).

Visual examination of the T7 RNAP equilibrium states reveals that DNA supercoiling

forces the polymerase to adapt a “semi-open” state (see Fig. 4.6). “Semi-open” state

corresponds to a conformation in which the thumb, the fingers, and the SH are moved away

from the TB and away from each other. Our data also highlight that as more twist is applied

to the DNA template, the protein opens to greater degrees. For instance, in simulations of

T7 RNAP on linear DNA templates, the distance between the thumb/SH and the TB is

greater for the overwound (see Fig. 4.6 C) template in contrast to the underwound DNA

(see Fig. 4.6 B). In the circular DNA systems, the protein opening increases from the

underwound (see Fig. 4.6 D) to the relaxed (see Fig. 4.6 E) template and is the largest for

the overwound DNA (see Fig. 4.6 F ). Unexpectedly, large polymerase opening in the linear

systems (in contrast to the minicircle systems) are explained as a simulation artifact due to

the strong harmonic restrains applied to the linear DNA, as discussed above.

In order to quantify the conformational changes within T7 RNAP in response to the
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Figure 4.6: A crystal structure of the elongation T7 RNAP in the post-translocated state (A). The fingers,
thumb and SH are colored in red, green and blue, respectively. Snapshots of the T7 RNAP EC: equilibrium
conformations bound to the underwound (B) and the overwound (C) linear DNA, and to the underwound
(D), the relaxed (E) and the overwound (F ) DNA minicircles, colored by the average RMSD per residue.

five DNA template conditions tested, we analyze the equilibrium conformations and calculate

two numerical parameters: (1) the distance between each core polymerase subdomain and

the TB (see Fig. 4.7); and (2) the relative distance between each subdomain (see Fig.

4.8). The plots in Fig. 4.7 demonstrate that the distances between the thumb, SH, fingers

and the TB monotonically increase as the torsional load on DNA becomes larger. While the

overtwisting the linear template pushes the thumb and the fingers of the bound protein away

from the TB by ∼5 Å (see Fig. 4.7 d and f), much stronger protein response is observed

in the polymerase conformation bound the DNA minicircle. Thus, the thumb moves by ∼5

Å from the underwound to the relaxed DNA state, and by ∼12 Å from the under- to the

overwound DNA (see Fig. 4.7 a). The displacement of the SH is even larger and increases

roughly by 20 Å from the under- to the overwound minicircle template (see Fig. 4.7 b).

Similar trend is observed for the displacement of the protein subdomains with respect to

each other (see Fig. 4.8). The pairwise distances between the thumb, the SH and the fingers

increase drastically in response to the overwinding of the DNA minicircle (see Fig. 4.8 a, b
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Figure 4.7: Distances between the T7 RNAP subdomains and the TB within T7 RNAP bound to the DNA
minicircles (a, b, c) and to the linear DNA motifs (d, e, f)

and c) and only slightly increase on the linear DNA (see Fig. 4.8 d, e and f) .

4.3.2 Energetic analysis

Opening of the protein and traslocation of the core domains result in a stronger repul-

sion/weaker attraction between T7 RNAP and the residues of the RNA and of the DNA

TB (RNA/DNA TB). We calculate the non-bonded interaction (Coulombic and van der

Waals potential energy terms) between the equilibrium conformations of the T7 RNAP and

the RNA/DNA TB in all five model systems and examine the energetic differences of poly-

merase conformations, characterized by various torsion loads on the bound DNA (see Table

4.3). In both systems, the linear and the circular, the change in the interaction energy due

to the DNA twisting is substantial. When in complex with the DNA minicircle, transition

from the undertwisted to the relaxed DNA template weakens the attraction between the T7
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Figure 4.8: Pairwise distances between the thumb, SH and fingers within the T7 RNAP bound to the DNA
minicircles (a, b, c) and to the linear DNA motifs (d, e, f)

RNAP and the RNA/DNA by ∆EDNA(r)−DNA(u) = 342 kcal·mol−1. When the relaxed DNA

template is further overtwisted, the attractive forces drop down by ∆EDNA(o)−DNA(r) = 716

kcal·mol−1. In complex with the linear DNA, the change in the interaction energy due to

the template twisting is also large ∆EDNA(o)−DNA(u) = 646 kcal·mol−1, albeit less drastic

than in the DNA minicircle system. By comparing the contribution of the separate protein

domains (N-terminal without SH, thumb, palm, fingers and SH) to the overall change in

interaction energy, we identify which conformational rearrangement affects the energetics of

the T7 RNAP - RNA/DNA TB interaction the most. The calculation reveals that interaction

energy change between T7 RNAP and the RNA/DNA TB upon the DNA template twisting

is mostly associated with the weaker electrostatic attraction between RNA/DNA TB and

the polymerase thumb subdomain in the T7 RNAP “semi-open state. Also, in the DNA

minicircle, the translocation of the SH in the ‘semi-open conformation strongly contributes

to the change of the interaction energy.
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Circular! Linear!
ΔEDNA(r)–DNA(u)" ΔEDNA(o)–DNA(r)" ΔEDNA(o)–DNA(u)"

T7 RNAP! 342! 716! 646!
N-term. w/o SH" -26" 93" 359"

Thumb" 371" 285" 254"
Palm" -185" 199" 25"

Fingers" -32" -55" 102"
SH" 214" 194" -94"

Table 4.3: Change in Interaction Energy between the T7RNAP EC (and its subdomains) and the RNA/DNA
TB upon DNA twisting in Units of kcal·mol−1.

4.3.3 Protein dynamics analysis

We examine the difference in the dynamics of the T7 RNAP bound to topologically distinct

DNA templates using the coarse-grained elastic network models of the protein, GNM and

ANM. While computationally more efficient than the atomistic models, the GNM and the

ANM demonstrated success in characterizing intrinsic functional dynamics of various pro-

teins and protein-nucleic acid complexes. We choose to use the combination of the GNM

and the ANM approaches to utilize the benefits of each of the models: while the GNM is

more accurate in estimating the distribution and the magnitudes of deformations within the

protein, the ANM is indispensable for assessing the directions and thus, the mechanisms of

motions (see section Methods).

Fluctuation dynamics is an important property of the protein motion. Localized

fluctuations of separate residues or group of residues often identify regions important for

structural stability of the molecule and/or predict sites of catalytic activity. Fig. 4.9 demon-

strates residue-based root mean square fluctuations (RMSF) of the T7 RNAP bound to the

DNA minicircles and to the linear DNA motifs. The RMSF for each of the five model sys-

tems are calculated from the atomistic trajectories (Fig. 4.9 a and d), with the GNM (Fig.

4.9 b and e) and with the ANM (Fig. 4.9 c and f). All three models indicate that the most
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Figure 4.9: RMSF of the T7 RNAP EC, bound to the DNA minicircles (left) and to the linear DNA (right),
calculated from the atomistic, GNM and ANM models.

flexible protein regions (characterized by high RMSF values) are the N-terminal (in partic-

ular, the SH), the thumb and the fingers. In the DNA minicircle system, there is a strong

positive correlation between the mobility of these subdomains and the torsional load on the

DNA (see Fig. 4.9 left panel). However, in the linear DNA system, this correlation is barely

notable (see Fig. 4.9 right panel). The consistency between the ANM/GNM calculations

and the atomistic simulation results indicates the high accuracy and robustness of the elastic

network models of the T7 RNAP.

Equally as important as the localized fluctuations are the low-frequency collective

fluctuations of groups of residues or of entire protein domains, whose concerted movements

often define the intrinsic functional motions of the molecule. Here we employ a coarse-

grained NMA (see section Methods) to identify the slowest collective motions of the T7

RNAP native state and of the T7 RNAP conformations bound to the underwound, relaxed
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and overwound DNA minicircle and investigate the motion mechanism implied by the slowest

vibrational modes. We visualize the 3N-dimensional displacement vector, calculated with

the ANM (see Fig. 4.12) and analyze the directionality of the localized displacements. The

ANM suggests that the slow collective motions of the T7 RNAP native state correspond the

“tong-like” and the “scissor-like” movements of the N-terminal and the fingers subdomain

(see Fig. 4.12 A and B). The “tong-like” motion involves the opening/closing movement of

the N-terminal and the fingers subdomain perpendicular to the DNA axis in a synchronized

manner but in opposite directions. The“scissor-like” motion involves a anti-correlated shear-

type displacement of the N-terminal and the fingers subdomain along the DNA axis. The

palm subdomain remains relatively immobile in both collective motions. The movement of

the thumb subdomain is different in the two modes. In the fist mode (“tong-like” movement),

the thumb displays a correlated motion with the fingers subdomain and moves in a direction,

opposite to the displacement of the N-terminal. In the second mode, the motion of the thumb

is correlated with the motion of the N-terminal and is anti-correlated with the displacement

of the fingers.

When T7 RNAP is bound to the looped DNA, the overall collective dynamics of the

protein is largely preserved. Thus, the slowest collective motions of the protein still resemble

the “tong-like” and the “scissor-like” movements of the N-terminal and the fingers (see Fig.

4.12 C − H). However, the “scissor-like” motion is slightly out of plane as opposed to the

native state (see Fig. 4.12 D, F and H) and the displacement vectors of individual protein

regions in both modes vary between the native state and the conformations bound to stressed

DNA templates. The greatest deviation from the native state in terms of collective dynamics

is observed in the conformation bound to the relaxed DNA minicircle. Specifically, it reveals

an anti-correlated “scissor-like” motion of the thumb and the N-terminal as apposed to the

correlated motion in the native state. This observation is in a good agreement with the

GNM calculations (see Fig. 4.11).

78



Figure 4.10: The T7 RNAP EC conformations with the corresponding ANM displacement vectors of the
first two vibrational modes. (A) and (B) panels correspond to the native protein conformation. The protein
conformations bound to the DNA minicircles are shown in panels (C) and (D) for the underwound, in
(E) and (F ) for the relaxed, and in (G and H) for the overwound templates, respectively. The small
black arrows indicate the displacement vectors of the separate amino acid residues. The magnitude of the
harmonic motions is enhanced for better visualization. The N-terminal, fingers, thumb and palm subdomains
are colored in magenta, red, green and grey, respectively. The SH is colored in blue. The arrows colored in
magenta, red and green indicate the direction of the collective motion of the N-terminal, fingers and thumb,
respectively. Each protein conformation is shown twice, with eigenvector displacement in the positive and
negative directions along the harmonic mode.
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Figure 4.11: Shapes of the two slowest GNM vibrational modes of the T7 RNAP in the native state (upper
row) and in the conformations bound to the DNA minicircles (lower row).

Fig. 4.11 presents the shapes of the two slowest GNM vibrational modes, i.e., the

deformations along the first two eigenvectors of the Kirchhoff matrix, in the T7 RNAP native

state (see panels A and B) and in the conformations bound to the three DNA minicircles

(see panels C and D) . Our calculations reveal that the first slowest vibrational mode of the

T7 RNAP is barely affected by bending and twisting of the bound DNA template (see Fig.

4.11 C). In contrast, the second vibrational mode is largely influenced by the DNA template

mechanics (see Fig. 4.11 D). By analyzing the shapes of the second slowest vibrational

mode of the three distinct T7 RNAP states bound to the DNA minicircles, we discover two

important aspects of the polymerase vibrational behavior. Firstly, we demonstrate that the

vibrational motion of the T7 RNAP is affected by the bending of the bound DNA template.

Thus, the displacement magnitude in the second mode, mainly in the fingers and the thumb,

is different between the minicircle systems and the native state. Secondly, the direction of

motion of separate protein subdomains is modulated by the level of the torsional stress in
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the DNA minicircle. Thus, the T7 RNAP conformation, bound to the relaxed template

exhibits a correlated motion of the thumb and fingers subdomains as opposed to the anti-

correlated motion in the native state. However, applying a torsional stress in the looped

template seems to restore this motion. Thus, the T7 RNAP conformations, bound to the

under- and overwound DNA minicircles, exhibit vibrational behavior similar to the T7 RNAP

native state, with a anti-correlated motion of the thumb and the fingers subdomains. This

intriguing observation posits an important conclusion: while bending of the DNA template

might significantly alter the direction and the magnitude of the low-mode vibrations in the

bound T7 RNAP, some levels of the DNA supercoiling demonstrate the ability to preserve

the vibrational motion inherent to the native state of the polymerase.

4.3.4 Analysis of the DNA structure and topology

RNAP generates a substantial amount of torque on the DNA during the transcription [150],

[151]. It is reasonable to assume that tight DNA loops would undergo significant structural

and topological changes in response to the T7 RNAP torsional compliance, however the

hypothesis has not been tested yet. Our simulation study uncovers the atomistic structure

and topology of small DNA minicircles when in complex with the T7 RNAP and thus allows

to investigate how a unique geometry of the DNA affects the transcription mechanism. Fig.

4.12 represents the equilibrium conformations of the T7 RNAP - DNA minicircle systems

obtained in the simulation study at atomistic level.

The atomistic models indicate that all three DNA minicircles supercoil, however the

conformation and the degree of supercoiling differ between the minicircles sustaining various

torsional stresses. Oftentimes, the degree of DNA supercoiling is characterized by the writhe

(Wr) parameter. Wr describes the number of coils in the closed circular DNA and is defined

by:
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Figure 4.12: Equilibrium conformations of the T7 RNAP EC bound to the underwound (A), relaxed (B) and
overwound (C) DNA minicircles. The equilibrium conformations of the underwound, relaxed and overwound
DNA minicircles without the T7 RNAP are shown in panels D, E and F , respectively. The protein and the
DNA are colored in blue, green and red for the underwound, relaxed and overwound DNA states, respectively.
The 10-nt RNA transcript annealed to an open section of the template DNA strand is colored in black.

Wr = Lk − Tw (4.7)

where Tw is the DNA twist, the number of turns of the double helix around itself. To quan-

tify the difference in supercoiling between the three model DNA systems, we approximate

the dsDNA with the elastic rod model (see Fig. 4.13) and compute the Wr parameter in

each of the DNA minicircles. The calculations reveal that Wr increases from Wr = 0.53

on the underwound DNA to the Wr = 0.80 on the relaxed DNA, and Wr is the highest

(Wr = 0.90) on the overwound DNA duplex.

Earlier studies report that partitioning of Tw and Wr in tight DNA minicircles

is accompanied oftentimes with structural transitions of the DNA helix to non-canonical

forms such as kinks, wrinkles and denaturation bubbles [152], [121]. Therefore, we aim to

examine the structural aspects of the T7 RNAP bound - DNA minicircles and establish a
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Wr = 0.53 Wr = 0.80 Wr = 0.90 A B C 

Figure 4.13: Topologies of the underwound (A), the relaxed (B) and the overwound (C) DNA minicircles
that are bound to the T7 RNAP EC, calculated and represented with elastic rod model of DNA. The DNA
region colored grey indicates the position of the TB and the polymerase location with respect to topology.
Results courtesy of Dr. A. Hirsh at the Perkins lab.

connection between microscopic features of dsDNA and the structure and function of the

polymerase. Considering the fact that implicit solvent model, implemented in the carrent

study, is unreliable for calculation of the spesic structural form of helix disruptions [153], we

focus instead on identifying the location of the distortion sites on the supercoiled T7 RNAP

- bound DNA minicircles and estimating the overall level of helix denaturation in the three

models systems. With this goal in mind, we calculate the time evolution of the distances

between hydrogen-bond donor (D) and acceptor (A) atoms in the Watson-Crick base pairs

(the W&C D-H-A distances) for the DNA in the three model systems and visualize the

results via the W&C D-H-A distance matrix (see Fig. 4.14).

The simulation results reveal that each of the three model systems contains regions

with large helix distortions. The distorted regions locate the sites at which some sort of

structural transitions (DNA kinking, local melting or wrinkling) take place. Interestingly,

each of the three DNA minicircles contains two major distortion sites located about 180◦

apart along the periphery of the minicircle: sites 10-bp/ 60bp on the 100-bp underwound,

sites 5-bp /60-bp on the 108-bp relaxed and sites 1-bp/60-bp on the 106-bp overwound DNA

minicircle. This observation implies a cooperative behavior of structural transitions and is in

line with a model for cooperative kinking in mechanically stressed DNA, recently proposed
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Figure 4.14: The W&C D-H-A distance matrix for the underwound (A), relaxed (B) and overwound (C)
T7 RNAP EC - bound DNA minicircles. All three plots contain a region of ∼10-bp with the largest W&C
D-H-A distances (purple colored region). This region corresponds to the position of the DNA TB. All three
plots contain two denatured regions with the W&C D-H-A distances larger then 5 Å (red colored regions),
located at ∼10-bp and 60-bp sites on the underwound, at ∼5-bp and 60-bp sites on the relaxed and at ∼1-bp
and 60-bp sites on the overwound DNA minicircles, respectively.

by Lionberger et. al. [154].

4.4 Discussion

The current study presents the first atomistic analysis of the T7 RNAP EC bound to the lin-

ear and circular DNA motifs sustaining variable amount of torsional stress. The simulations

gain new insights into the structure and topology of the T7 RNAP - bound DNA minicir-

cles and uncovers intriguing details of the polymerase’s structural response to the change

in bending and torsional load on the bound DNA template. Provided that the DNA mini-

circles in our models are identical in length, superhelical density and the sequence (besides

the TB sequence region) to the DNA templates in the biochemical assays by Lionberger and

Meyhöfer [141], analysis of the simulation results enables us to explain the structural mech-

anism underlying the drastic decrease in the T7 RNAP elongation velocity and processivity

in tightly looped DNA observed in that experimental study.

The experimental study by Lionberger and Meyhöfer [141] suggests that the elonga-
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tion velocity by the T7 RNAP is highly repressed in all three DNA minicircles. Furthermore,

the transcription from the relaxed and the overwound templates is roughly four-fold slower

than from the underwound DNA minicircle. Elongation velocity, a rate at which the T7

RNAP EC transcribes RNA, depends on the energetic barrier that the polymerase has to

overcome during the translocation step. Earlier study of the T7 RNAP EC native state sug-

gests that the polymerase translocation occurs on a relatively flat energetic landscape [155].

However, perturbations to the structure of the T7 RNAP EC would alter the energetic

landscape of the polymerase translocation. “Opening” of the polymerase and subsequent

loosening of the native contacts between the polymerase and the DNA/RNA as well as sig-

nificant drop in attractive forces between the protein and the DNA/RNA, observed on the

tight DNA minicircles in the simulation study, would hinder intrinsic polymerase motion

which is necessary for polymerase conformational change during the translocation. This,

in turn, would increase the energetic barrier for translocation and lead to lower elonga-

tion velocity. Interestingly, the simulation results indicate that the larger is the twist on

DNA, the greater is the polymerase “opening”, which implies a higher energetic barrier for

translocation and lower elongation velocity. This simulation result accurately describes the

fine correlation between the elongation velocity and the degree of the template supercoiling,

observed experimentally.

Additional evidence for inhibition of polymerase translocation on overwound circular

templates are provided by the fluctuation analysis. The atomistic and the ANM/GNM

models demonstrate that the fluctuations in the core protein subdomains increase with the

twist load on the DNA template. These high fluctuations, particularly in the catalytically

important fingers subdomain, are expected to significantly contribute to the ruggedness of

the energetic landscape of the polymerase translocation.

Lastly, simulations results demonstrate that the T7 RNAP - bound tight DNA mini-

circles writhe and the amount of writhe increases with the torsional load on the DNA. We
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expect that DNA writhing and abundance of the noncanonical DNA forms, observed in the

equilibrium complex structures, would interfere with the intrinsic polymerase motion and

thus, slower down the polymerase translocation along the DNA template.

Current simulation study focuses on the description of the structural mechanisms

defining the transcription elongation on the tight DNA minicircles and thus, infers the ener-

getics of the polymerase translocation from the structural data. However, to get an accurate

quantative estimate of the potential barrier for the T7 RNAP translocation on the tight

DNA minicircles we suggest a future study in which the potential of the mean force for the

T7 RNAP EC translocation step in the three systems of interest will be computed.

Next, we use simulation data to explain the intriguing experimental measurements of

the polymerase processivity in tight DNA minicircles. The transcription elongation assays by

Lionberger and Meyhöfer indicate that the processivity is significantly repressed in the DNA

minicircles as opposed to the wild-type T7 RNAP. However, the highest processivity out of

the three DNA minicircles is owned by the most overwound template. This result puzzled the

authors and the explanation of this counter-intuitive observation has not been proposed yet.

The simulation study suggests that the processivity of the T7 RNAP is strongly modulated

by the topology of the bound circular DNA. The analysis of the equilibrium conformations of

the modeled molecular systems indicate that the amount of writhe in the minicircle increases

with the torsional load on the DNA. This implies that the overwound DNA template would

possess more sterically hindered regions than the underwound or the relaxed templates.

Based on the simulation data we propose a molecular mechanism that defines polymerase

processivity through the template accessibility. According to this model, polymerase would

processively transcribe the template if the stop codon is buried in the sterically prohibitive

region. According to this model, the most overwound template would be less sterically

accessible and thus, would possess the highest processivity, which explains the experimental

results.
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Besides providing structural details necessary to explain the results in Lionberger and

Meyhöfer’ transcription assays, the current simulation study suggests a general mechanism

for the transcription repression on bent and twisted DNA. The simulation results reveal that

bending and twisting of the DNA template lead to the structural changes within the bound

T7 RNAP, which involve displacement of the fingers, the thumb subdomains and the SH and

“semi-opening” of the protein. “Semi-opening” of the T7 RNAP EC weakens electrostatic

attraction between T7RNAP and DNA TB/RNA. Furthermore, the fingers, the thumb sub-

domains and the SH exhibit unusually high fluctuations around the equilibrium conformation

when bound to mechanically stressed DNA. The flexibility of these protein regions observed

in the simulation study is consistent with evidence from the T7 RNAP structural studies:

the SH, the thumb and the fingers undergo large structural rearrangements during transi-

tion from the initiation to the elongation complex and/or during polymerase translocation.

Functional requirement for structural change is expected to correlate with the flexibility as

suggested by the large B-factor for these domains in the crystal structure of the T7 RNAP

EC. We show that polymerase structural changes and fluctuations correlate with the torsional

load on the bound DNA. This correlation is more prominent in the tight DNA minicircles as

apposed to the linear DNA, which suggests that mobility and flexibility of the polymerase

core subdomains mainly governed by the bending load on the DNA and to a lesser degree

by the torsional load.

The vibrational motion of polymerase is also modulated by the DNA supercoiling.

The slowest collective motions of the T7 RNAP native state resemble the “tong-like” and the

“scissor-like” movements of the N-terminal and the fingers. Although bending and twisting

of the DNA largely preserves the overall direction of motions in the slowest modes, it changes

the vibrational behavior of separate protein regions. When bound to T7 RNAP, tight DNA

minicircles undergo strong conformation changes. The amount of write in the minicircle

increases with the torsional load on the DNA template. All three modeled DNA minicircles

posses regions with non-canonical DNA forms and exhibit a signature of cooperative kinking.
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In summary, we examined the structural mechanism of the T7 RNAP EC bound to

circular and linear DNA with various torsional and bending loads and used the simulation

results to explain the transcription repression in the tightly looped DNA minicircles, observed

experimentally in an earlier study. By uncovering the intriguing details of the transcription

repression on bent and twisted DNA, this work paves the way to future studies of important

molecular mechanisms that rely on the protein-DNA interaction and might be affected by

DNA supercoiling.
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Chapter 5

Conclusion

In this work we develop and employ a multi-scale interplay between massively parallel MD

simulations and elastic rod model of DNA to gain new insight into structure and dynam-

ics of complex molecular assemblies with stress-induced DNA confirmations. Further, our

methodology establishes a connection between mechanical features of DNA and such impor-

tant biological processes as viral DNA ejection, DNA site-recognition mechanism and RNA

transcription.

In the study of the toroidal DNA in bacteriophage φ29, computer simulations are

implemented to answer questions that can not be addressed experimentally: whether DNA

can mechanically form such sharply bent supercoil. That is, can the virus provide adequate

forces to compress DNA into a toroid and can dsDNA form such a tight bend in the cavity

without denaturing? Quantative comparison of computed results with experimental cryo-EM

data allows us to predict the exact length, shape and structure of this unusual DNA motif.

Finally, we simulate dynamic collapse of highly energetic toroid and DNA ejection from the

bacteriophage. We also address several hypotheses concerning the biological function(s) of

the toroidal DNA including its possible physiological role in helping to stabilize the pres-
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surized genome and initiate viral ejection. Modeling of a given system involves large-scale

atomistic simulations and was made possible only by our novel multi-scale approach.

A hybrid modeling approach is further implemented to investigate the microscopic be-

havior of tight DNA minicircles. The study reveals the presence of an enhanced microscopic

flexibility in a bent DNA. This important finding brings us one step closer to understanding

of the structural and energetic principles of DNA architecture. The model of DNA bending,

proposed in the study, suggests new mechanisms for protein-DNA and drug-DNA interaction

and complex formation.

Another important question in the field that we address using our novel modeling tech-

nique is the impact of mechanical deformations of DNA on transcription by RNA polymerase.

Quantitative predictions (via molecular simulations) of polymerase domains that are partic-

ularly susceptible to DNA template stress, provided in our study, would aid tremendously

to overcoming the experimental challenge of identifying targets of polymerase mutagenesis

and regulating transcription.

This work and the hypotheses that stem from it are important because they address

fundamental, unresolved issues at the intersection of two areas: understanding DNA struc-

tural dynamics and the molecular biology of the living cell. Because of its implications on

DNA biophysics, single-molecule force spectroscopy and structural biology this work is a

great contribution to the field of molecular biophysics.
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