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RESEARCH PLAN

JASON DE JOANNIS

The following outlines my proposals for the development of a nationally funded
research program in the areas of biopolymers and molecular simulation. Specific
plans are developed on the topics of ring polymers, molecular elasticity and simu-
lation methodology.

These topics will require input from multiple disciplines which I have acquired
from my education in chemical engineering and postdoctoral research in physics
and chemistry departments. I will draw on experience in advanced simulation
techniques such as hybrid Monte Carlo/molecular dynamics and Ewald summation
in various geometries.

The topic of ring polymers is particularly intriguing. Understanding the proper-
ties of natural and synthetic variants will pave the way for this unique material in
biomedical and industrial engineering applications. In Section 1 three projects are
defined on charged rings, linked-ring dynamics and cellular transcription.

Section 2 is devoted to the topic of microscopic elasticity. A wealth of interesting
experiments have probed the mechanics of single DNA molecules and may help
create DNA motors. Two problems are defined here on DNA stretching and worm-
like micelles. The last section describes my general approach to the development
of a research laboratory.

1. RING POLYMERS

Under the topic of ring polymers I will pursue three lines of research. The first
problem involves conformation and writhe of charged ring polymers. The effect of
electrostatics in rings in general has not been studied and is important. The second
problem will deal with the dynamics of catenanes (linked rings), particularly in net-
works such as those used for electrophoretic separation of DNA. The final problem
is connected to one of the proposed mechanisms of prokaryotic transcription and
concerns disentanglement of nascent RNA from its circular DNA parent.

Why are ring polymers rare? They are less common than linear polymers because
during synthesis (or at any time) the probability for the ends of a long chain to meet
is statistically negligible. In spite of this obstacle, natural ring polymers abound
in the DNA of bacterial organisms (prokaryotes). Recent advances [1, 2] in ring
synthesis promise an opportunity to test long-standing theoretical ideas developed
before the existence of rings was known.

There are several good reasons to study ring molecules. Not least of these is their
central role in the cellular metabolism of prokaryotes. Many questions arise ranging
from entanglement alluded to above, to cellular evolution, to the effects of supercoil-
ing on genetic packaging and access. Ring molecules also offer a unique engineering
material for nanotechnology and advanced materials. A pair of interlocked rings has
been used [3] as an electrically operated nano-switch. Another application is the
creation of “Olympic” gels or rubbers without chemical cross-links. Finally rings
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FIGURE 1. Artistic renderings that illustrate the three topological
classes that arise in rings: knots, topoisomers and catenanes (left
to right).

offer an ideal platform from which to isolate the effect of topology on polymers
and random walks in general, which impacts many other areas such as Brownian
motion, magnets and electronic structure.

In spite of the simplicity of the idea of closing a linear polymer into a ring the
consequences can be dramatic. The lack of chain ends may serve to protect bac-
terial DNA from degradation [4], collapses rings in the melt phase [5] and changes
the fundamental mechanism of diffusion [6]. We are only beginning to explore the
effect of topological constraints on the properties of ring polymers. Figure 1 shows
the three kinds of topology that can arise in rings. The relative frequency of en-
tanglement varieties depends on the conditions of synthesis [7]. We can expect
concentrated conditions to favor catenation (interlocking rings) for example. The
coin in Figure 1 shows a linear pentameric catenane.

Knots such as the trefoil shown in Fig 1 at the left, can induce collapse or suppress
solvent effects [8] (not unlike a bimetallic strip) depending on their kind and density.
Knot theorists took an early interest in the dependence of the knotting probability
on ring size if all conformations are weighted equally. This problem remained largely
intractable until the advent of computer simulation, when the probability was found
to approach unity for large chain lengths [9]. Therefore knots should be expected
in DNA unless synthesis is guided.

In double stranded ring polymers torsional topology is introduced. The molecule
can be visualized effectively as a ribbon as in Fig 1, which can have any number of
twists before closure. These are called topoisomers distinguishable by their linking
number (number of twists). A large linking number produces a buckling effect
or supercoiling as can easily be demonstrated with a rubber tube. Considerable
progress has been made in electrophoretic characterization of DNA supercoils [4].

Nature engineered some impressive features into the cell. One of these is the feed-
back regulation of supercoiling. The enzyme gyrase transiently nicks one strand and
increases the linking number. This in turn inhibits the recombinatary production
of gyrase, acting essentially as a chemostat. The abundance of supercoiling implies
it has important biological functions. It may help to produce chromatin, an acces-
sible, organized and compact package for the genetic code. It may also promote
protein and sequence recognition as well as enhance mobility.
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Models for bacterial metabolism must specifically account for the possibility of
entanglement during the synthesis of new DNA, RNA or protein molecules. These
cooperative processes are known as replication, transcription and recombination
respectively. One imagines an enzyme (or an ant) that walks along the helical
groove of the template-DNA, un-zipping each locality and trailing an entangled
nascent molecule. One possible outcome is a pair of multiply catenated rings that
then require an enzyme mediated de-catenation. There is much to be learned about
these processes.

Charged Rings. The effect of charges on ring polymers has not been studied
beyond the Debye-Hiickel level. This is especially relevant to DNA which is a highly
charged molecule. Electrostatic interactions, because of their long range, are known
to have unusual consequences in complex liquids; examples include Debye-Hiickel
theory, attraction between like-charged colloids [10], viral-DNA condensation [11]
and polyelectrolyte swelling in super-absorbents.

The general effect of charges is to swell the conformations of a polyelectrolyte
since its backbone contains only like-charges. When more concentrated solutions
are considered, multiple length scales and a complex phase diagram appear [12].
Open polyelectrolytes scale linearly in size with number of monomers and assume
extended cigar-like conformations. It is unknown whether ring polyelectrolytes have
the same scaling and they may have a more sphero-symmetric or circular shape
with larger fluctuations since all momomers in a ring share the same distribution
function. If knots are present, they can be distributed throughout the chain or
localized by external tension or internal long-range forces [13].

I plan to use Monte Carlo methods to explore the configuration space of a charged
ring. The use of a lattice and the bond-fluctuation model will allow tabulation of
distances for efficient pair interactions. We will test several promising moves for
sampling efficiency such as vector shuffling [14], pivot-coupled GCMC [15], internal
reptation, directed configurational bias [16] and dimerization [17]. These moves will
freely allow the crossing of the backbone in principle sampling all types of knots.
Most sampling will occur in the simple knot types, which will be distinguished
computationally using the appropriate Alexander polynomial [9].

In supercoiled DNA the effects of the buckling stress on structure are quantita-
tively characterized by “writhe” (i.e. tortuosity of path) as well as distortions in
the helical geometry itself, known as “twist”. Knowledge of the writhe distribution
can be used to infer the torsional modulus of DNA from electron micrographs [18].
Our Monte Carlo simulations will provide the first information on writhe in charged
rings with a linking number of zero.

It is useful to compare conclusions drawn from independent methods and/or
models to provide a broader perspective. An alternative approach is Poisson- ?
Boltzmann theory which yields useful analytical asymptotes. Several simpli- 2
fications are usually required including linearization of the distribution func- 8
tion, neglecting excluded volume or solvent effects and ignoring counter-ions
(i.e. infinitely dilute system). I will use the cell model [19] to investigate the
counter-ion distribution in two geometries. The first is a disc-shaped cell encom-
passing an entire ring. The second is related to a common supercoiled structure
that occurs in buckled topisomers, the plectoneme (pictured at right). We will
model the middle of a very long plectoneme with a cylindrical cell that periodically
repeats in the axial direction. This will be compared to one-dimensional Ewald
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simulations. These comparisons will provide quantitative bounds for the lineariza-
tion, infinite-dilution and solvent approximations as well an analysis of rings at a
different scale.

This project will also provide valuable experience in dealing with the technical
issues of equilibrating ring molecules effectively. Some effort will be dedicated
to the issue of constant-topology simulation. How can we efficiently sample the
configurations of, for instance, an un-knotted ring? The obvious answer is to use a
method that mimics real dynamics such as stochastic dynamics or bond-fluctuation
Monte Carlo, but there may be better alternatives. Constant topology simulations
will become particularly important as many-chain systems are targeted, which is a
long-term goal.

Catenane Diffusion. The dynamics of rings has received considerable experi-
mental and theoretical attention. Ring diffusion was expected to be exponentially
slow as in branched polymers. Instead observations show a power-law scaling of
the diffusion constant that is similar to linear polymers. Thus far no equivalent
entanglement length has been found for ring polymers [20], which for linear poly-
mers dictates the crossover to the reptation regime. The most prominent model
for diffusion makes an analogy to a transiently branched chain [6]. The slow dif-
fusion observed in mixtures of open and closed chains [21] has not been explained.
This is a property that could be exploited with telechelics for applications requiring
reversible changes of viscosity.

I will investigate the dynamics of catenanes. A comparison will be made between
the diffusion coefficients of a single ring, a pair of linked rings, and higher order
catenanes. This will be conducted using stochastic molecular dynamics. To ensure
that the rings do not become unlinked, finitely-extensible-elastic-springs will be
used to prevent bond crossing. I will be interested in the self-diffusion of catenanes
as well their driven diffusion in an electric field of fixed strength.

Of considerable interest will be the development of a fixed network for the chains
to diffuse through as in experimental gel electrophoresis. The chief question is the
network diffusion dependence on the catenation number. These results will hope-
fully prompt experimentalists to refine techniques of catenane production in order
to conduct similar experiments and develop catenane nanotechnologies. Moreover,
this information will help distinguish catenated bacterial DNA from its counter-
parts.

RNA-polymerase Transcription. RNA-polymerase is the enzyme that carries
out transcription - the creation of an RNA molecule from a DNA template. The en-
zyme must sequentially access the information contained in the base pair sequences
that straddle the double helix. The question remains, how is permanent topolog-
ical entanglement between the two molecules avoided? Several proposals exist to
explain this process. In one model the enzyme travels along the spiral groove of
DNA, un-zipping, reading and re-zipping each part as it advances. On the other
hand the model which I intend to examine, proposes that the enzyme is stationary
and causes a torque on the local section of DNA to which it is attached. This
torque twists the DNA like a motor and causes it to circumnavigate.

To account for the effect of twist in a simple bead-spring chain, we will introduce
an anisotropic torsional potential for the dihedral angle. The external twisting effect
will be represented by a small cylinder fixed in space and having the same length
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FiGURE 2. Elasticity experiments. a) AFM stretching of DNA, b)
Torsional elasticity - magnetic bead.

as the distance between bonds. Any bead within the tube can only exit through
the ends and experiences a constant torque or twist energy.

This will yield information about the range of torques that can produce circum-
locution and the corresponding rates. Moreover I will study the effect of linking
number as an inhibitor or facilitator of this process. Supercoiling may create re-
sistance to twist-induced motion. On the other hand, it often produces ordered
structures whose qualitative effect is more difficult to predict.

2. ELASTICITY

This section defines two projects related to microscopic, or molecular elasticity.
Both resemble the classical worm-like chain proposed many years ago by Kratky
& Porod. The model was meant to correct for the stiffness of DNA, which has
the longest persistence length known. At the level of a random walk, all poly-
mers have in common an “entropic elasticity” understood as a consequence of the
strain-induced shrinkage of configuration space. This contributes a linear, Hookean
resistance to all forms of strain whether it is confinement or stretching.

Biopolymers. The double helix also has an inherently anisotropic torsional elas-
ticity. The local bending is influenced by composition since some base pair se-
quences have an intrinsic curvature along their helical axis. This may help se-
quence recognition by localizing them to strongly bent apical loops in supercoiled
structures.

Experimental manipulation of single biomolecules such as titin and DNA has
been performed with the atomic force microscope (AFM) as well as magnetic and
optical tweezers. These procedures are illustrated in Fig 2. Since biopolymers
are much longer than synthetic ones — the length of a DNA molecule containing
the human genome would measure two meters if stretched out — single-molecule
experiments with biopolymers can realize the infinite chain-length assumption so
ubiquitous in polymer physics.

A recent experiment [22] provides an example of the increasing sophistication of
single-molecule mechanics. A magnetic particle is manipulated to build up torsional
forces in the DNA molecule which are then released through a coupling to a colloidal
particle. The motion of the colloid is captured with video microscopy and provides
information on the molecule’s torsional modulus.

DNA stretching experiments have identified four major regimes spanning a range
of forces from 0.01 to 10,000 pN [23]. The two regimes of weakest response, known
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as the entropic and intrinsic elasticity regimes, are dominated by the universal
features of random walks. The final two regimes under higher loads are marked by
helical distortion and bond rupture.

My goal will be the development of a DNA model that incorporates enough of
the helical structure to describe the intrinsic elasticity regime. Current models
include a double stranded worm-like chain, a triangulated ribbon, a string of rods,
a string of ellipsoidal beads and deformable tubes [24]. These hope to capture some
of the helical or ribbonlike nature of DNA and attempt to navigate the tradeoff
between computational efficiency and geometrical specificity. I will account for
long-range electrostatic forces more accurately than in worm-like chain field theory.
The system will propagate by Langevin dynamics using the Technetium package.
This was developed in our laboratory by Y. Bouret (now at ENS-Paris) and it uses
a library of coarse-grained building blocks: various kinds of beads, cylinders and
off-center bonds. Locally, a well-formed helix will result from use of a specialized
torsional potential through the dihedral angles of a bead-spring chain [25].

The confinement of biopolymers is also marked by an elastic response of the
same kind. For instance three-dimensional confinement occurs in viruses where a
DNA molecule is tightly packed inside a hard protein capsule. Two-dimensional
confinement can occur at the surface or within cell membranes due to adsorption
or encapsulation inside rafts. I plan to study single and multiple polyelectrolyte
confinement problems in two and three-dimensional geometries. This will be accom-
plished using the parallel molecular dynamics package ESPRESSO developed at my
former laboratory in Mainz, which focuses on an efficient parallel implementation
of Fast Fourier methods for electrostatics.

This work on stretching and confinement will be complemented by a phenomeno-
logical scaling analysis along the lines of polymer-blobs. This type of analysis cap-
tures the more general features of conformational distortion and led to integration
of the processes of polymer adsorption, stretching and confinement under a single
concept [26].

Worm-like micelles. Lipid assemblies are an essential part of cellular systems
and commonly form bilayers, vesicles, worm-like micelles, spherical micelles and
bilayer-micelles. Bilayers produce a membrane of high mechanical strength and
flexibility useful for encapsulating systems in an aqueous environment. The meso-
scopic Helfrich model provides the framework for description of elastic membranes
and has been used for instance, to study wrapping of a membrane around a colloidal
particle. Experimental and simulation techniques have been refined to provide es-
timates of the material parameters in the Helfrich model, including the bending
modulus and intrinsic curvature of the bilayer surface, the surface tension and the
line tension and modulus of a bilayer edge.

In this project an atomistic simulation of a worm-like micelle will be used to study
its effective mechanical properties. The GROMACS molecular dynamics package
will be employed using the phospholipid/solvent force-field which has reproduced
many bilayer properties. This package is easily extended and will be modified to
include a one-dimensional Ewald summation. The spectrum of fluctuations of the
worm-like micelle axis will provide for a direct calculation of its bending constant
under zero line tension. This will be corroborated with other mesoscopic methods of
analysis. The pressure coupling of the system can be adjusted to induce a positive
or negative line tension producing buckled and stretched conformations, producing
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a broader range of conditions for mechanical modeling. Worm-like micelles have
been implicated in a proposed lamellar phase punctuated by bridging stalks and a
branched worm-like micelle phase [27]. Preliminary progress has been made on the
construction of stable starting samples for these systems as a biproduct of my work
on bilayer micelles.

3. RoADMAP

Accomplishment of research goals outlined above requires a well-defined plan for
the development of laboratory and computational resources and the cultivation of
a knowledgeable and productive group. The establishment of a mature research
laboratory including funding, equipment and students will take several years. I
plan to develop a computational cluster, obtain funding from NSF and NIH and
develop supportive and productive relationships within the department and within
my group.

Early on it is crucial to focus on the establishment of a funded research program.
I have had some exposure by attending an AIChE workshop given by G. Prentice
- director of the CAREER award - and by applying for funding from the NIH
Institute of General Medical Sciences. To improve my awareness of good proposal
writing I will to seek advice from colleagues in the department, build perspective
on the key questions in my field through contacts from conferences, seminars and
correspondence. As a time management strategy I will schedule regular time for
uninterrupted scholarly reading and proposal writing and make sure not to exceed
budgeted time for course lecture preparation.

The laboratory requirements consists principally of a 16-20 node, parallel com-
puting cluster. The cluster will run on open source software with off-the-shelf PC
components that can be redeployed as workstations and easily extended or up-
graded. I have had experience in cluster building and management as administra-
tor in my current lab and through the computational biophysics summer school at
UIUC. The target is to install and benchmark MPI, FF'T and GROMACS software
within a couple of weeks. Quotes from Microway, Atipa and Penguin including a
Gigabit communication switch are around $50K. I will require well air-conditioned
laboratory space to maintain this system.

Students will initially receive well-defined problems than can be tackled quickly
and learned from. As they mature, some flexibility will be offered in the direction
they wish to pursue within the above research areas. I will encourage a team-
oriented culture within the group through meetings and traditions. I am interested
in getting my students involved with a shared-facility AFM and/or collaborating
with experimentalists who are using optical tweezers or AFM.

At the entry of professor’s career I recognize that it is important to make a
determined and rapid start. I intend to set goals and priorities and periodically
review and share these with other faculty members and the department chair.
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