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Abstract

This paper presents our work in the development of a scientific visudization package for
interactive manipulation of gd eectrophoress smulaions. The smulation is meant to
explore the possible corrdation between the behavior of physicaly polygona knots and
that of DNA loopsin gel eectrophoresis experiments. Of particular interest in this
research is the design and implementation of ared-time interactive 3D visudization of
the gel eectrophoresis smulation.

I ntroduction

A knot isaclosed curvein 3 space. Y ou could imagine a string wrapped and coiled
around itself with the two endsjoined in a seamless connection. Polygond knots are
knots that use straight-line segments; much like the jump ropes with plastic segments that
are often used in dementary school. Knot topology is the study of knots. Thisfield of
study was considered purely abstract until the discovery of the shape and behavior of
DNA. DNA isactudly aclosed curve, just like the theoretica knots and exhibits some
interesting geometric properties that may mirror those of polygond knots. If knot-
theoretica models can be used to predict DNA behavior, then we have awide variety of
theories, properties, and tools we can then apply to the study of DNA.

One of the fundamentd properties of aknot is a measure of its compactness or
tangledness. The energy [1] of aknot quantifies this property where higher knot energies
correspond to more compact knots. A high-energy knot is comparable to a closed knotted
loop of gring that is crumpled into atight bal while alow-energy knot is that same loop

of string extended into as large a 3 dimensona space as possible. Theimage to the lft

in Fgure 1 shows atrefoil knot in a high-energy configuration while the right-hand

image shows the same knot in alow-energy configuration.



Figurel: Low energy trefoil conformation on theleft. High-energy trefoil conformation on theright.

The energy of polygond knots of the same type is dependent upon both the number of
line segments contained by the knot and the compactness of the knot. For any particular
knot, however, the knot energy is solely dependent upon its compactness. A knot is said
to have been rdaxed if it isin aminima energy conformation. The trgjectory or behavior
of the knot as it moves from a high-energy state to alow-energy state may predict DNA
movement in gel dectrophoress. Theintent of thisresearch isto develop visudization
tools that will dlow scientists to explore this possible connection.

Background

Jonathan Simon has proposed a polygona knot energy function [1] thet isformally
defined in the following paragraphs.

Let X, Y bedigoint line ssgmentsin A 3. Then the minimum distance between X and Y
isapogtive number that we denote by MD(X,Y). Letting |X| denote the length of a
segment X, define the energy U between line segments X and Y to be
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The digointed property is required since the denominator becomes zero if the lines
segmentsintersect & any point. Thisimplies that the energy between two connecting line
segments becomes infinite. The above term describes the energy contribution of asingle
pair of line segmentsto the total knot energy. Thetotal energy of aknot K isthe sum of
al possible combinations of such digoint line segment pairs and is defined as
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Since the knot energy isinversdy proportiond to the square of the minimum distance
between line segments, the knot segments are self-repelling. As knots move from high-
energy to low-energy states line ssgments seek to remain asfar from every other line
segment as possible without bresking the knot. This energy function isaso scde
invariant, that is, the knot energy doesn't vary if the knot is scaed elther up or down.

Physicaly based computational modeling of knots seeks to describe the behavior of a
knot as it moves from a high energy conformation to alow energy conformation in the
presence of externd forces while following a reasonable physical interpretation of
motion.

Motivation and Problem Statement

Although the study of polygond knot energy is interesting as a purdy mathematica

notion there has been agreat ded of work in recent years [1][3] in attempting to correlate
polygona knot behavior with that of DNA. Of particular interest in this proposd isthe
possible corrdation between the behavior of physicaly red polygonad knots and that of
DNA loopsin gd dectrophoresis experiments.

Gd dectrophoresisis process that uses an enzyme to parse a strand of DNA into smaller
segments. Those segments are set in gel solution. By applying dectric current, the
various DNA segments are moved various disances in the gel, depending on their Sizes.

The laboratory utility of gel dectrophoresis as a measurement tool iswell known. But as
we get degper and ask, “What are the mechanismsinvolved in ge eectrophoress?’
questions remain unanswvered.  Other questions include "Whét is the conformation of
DNA in solution?' (The conformation is the geometry of the DNA segment, or how it
looks); "What are the mechanics of DNA traveling through solution?' and " Can knot-
theoretica models predict DNA behavior?'

To answer these questions we are devel oping a computer mode of gel eectrophoresis
using polygond knots asamodd of DNA. The gd ismodded as a series of randomly
oriented sticks placed in three-gpace. These sticks are fixed in space and provide a coarse
gpproximation to the physical structure of agarose gd. Knot movement through the gel is
determined by the sdlf-repdling energy function of the knot in combination with rigid-

body collison handling and the gpplication of an externd gpplied force that moves the

knot through the gdl.

While this project islarge in scope our research islimited to the challenge of visudizing
and interacting with this dynamic computational smulaion. The work includes the
development of a usegble graphica user interface dlowing dynamic control over the
gmulation aswell asintegrated network capabilities. The following section describes
our work and provides implementation decisons made aong the way.



I mplementation
Efficiency

Firgt, we want the smulation to be visudized in red-time which requires a high degree of
computationd efficiency. The DNA ismodeed as apolygond knot to which physica
attributes have been ascribed. Each edgeis given a“mass’ which is proportiond to its
length with respect to the tota knot length. Forceis exerted by each non-adjacent knot
edge. Theforceis agpplied adong the vector formed by the minimum distance between
two edges, MD(X,Y), with amagnitude that is proportiona to the energy exerted
between the two edges. Computing the movement of the DNA through the gdl then
requires the following generd steps.

1. Compute the gpplied forces between dl pairs of digoint knot edges

2. Detect any knot collisons with gel edges and adjust the applied forces
accordingly.

3. Movethe knot vertices dong the vector defined by the applied forces by an
amount proportiond to the gpplied force

The computational demand of step 1 above is characterized by a quadratic growth rate
dependent upon the number of sticks contained by the knot. Our code maintains explicit
data structures representing rel ationships between edges that, dthough enhancing
computationd performance, results in a quadratic increase in memory requirements.

Step 2 can essentialy be characterized as a search agorithm. In the brute force approach
we examine dl gd-edges for a colligon with any knot edge. If such acallisonis

detected we then modd the collison as arepeling spring-force that increases with the
inverse of the distance between the segments. Sincein atypica scenario there are on the
order of 50 thousand gel segments, most of which are not in collison with the knat, there
isaneed to optimize the collison detection subroutine. We have chosen to use oct-trees
as a convenient speed- up of this search process.

Oct-trees are awdl-known way of hierarchically organizing spatial dataand alow for
fast regiond searches. Instead of querying every gd edge for a possible collison with
every knot edge we firg find dl ge edges within aradius Regjision Of the knot center. The
radius Reoljision 1S determined by Ry, the distance from the geometric center of the knot to
the knot vertex furthest from the center, plus Re which is one-hdf the length of the

longest gd edge. No gd edge can be in contact with the knot if it lies outside of this
region. Figure 2 gvesasmpleillugtration of thisidea
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Figure2: Finding gel edgesthat may be colliding with the polygonal knot

The sat of dl gd edges within radius Regjiision Of the knot center is much smaller than the
st of dl gd edgeswithin the smulation. Finding this set of g edgesis efficiently
performed via oct-tree searches and the algorithm proceeds by determining if any gel
edge within thisregiond set isin contact with the knot.

Finding the set of dl gel edgesthat fal within aradius R of the knot center takestime
proportiond to the log of the number of edgesin the Smulation. This dramaticaly
reduces the computationa time required for collison detection. Other, faster collison
detection schemes exist but incur amuch greater implementation cost. Our method is
comparatively easy to implement and provides adequate red-time results.

Visualization and User Interface Design

We want our visudization to be in red-time, 3 dimensons. We ve chosen to implement

our gpplication in Java3D. Java3D isastandardized add-in to the Java programming

language and is meant for developing red-time interactive 3D graphical applications.

This package works seamlessy with the slandard Swing components and, in addition to

leveraging Java s excellent GUI packages, the use of Java3D aso dlows us to benefit
-in support for networking and synchronization.

We dso wish to have interactive control of the smulation. We want the gbility to stop
the smulation in progress, add or subtract features or change parameters, and then
continue with the smulation. We need awdl-designed GUI — Graphica User Interface —
with buttons and windows to make these modifications.

Figure 3 is a screenshot of our gpplication and gives an overview of the type of control
that users can exert over the smulation. The pand shown on the left is used to control



the appearance (colors, materid, and lighting) of various Smulation entities including the
knot edges and vertices, gd edges, and background color.

The pand shown on the right alows users to control much of the gppearance of the
goplication as well as controlling various parameters of the Smulation as it progresses.
Gdl edges, knot edges, bounding spheres, applied force vertices, and other visudizations
can be dynamically enabled and disabled. These components utilize sandard Java Swing
components and seamlesdy integrate with the Java3D visudization package.
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Figure 3: Screenshot of the main control panels. The panel on theleft isused to adjust colorsof the
knot vertices and edges, the gel edges, and the background. The panel on theright isused to either
display or hide various entities of the smulation.

Figure 4 shows alarge screenshot of our primary visudization window. It depictsa DNA
strand, modeled as a polygona knot, embedded in afield of gel obstructions. The knot is
aways centered in thiswindow but left-dicking and dragging the mouse within the
window can dynamicaly change the viewpoint. The view can aso be zoomed by  dt-
left clicking and dragging within the window. The knot edges are blue with yellow
vertices, the gd edges are red and the knots bounding sphereisaso drawnto aid in
undergtanding the perspective of the various entities.



Figure4: Screenshot of the primary visualization window. The“DNA” ismodeled asa polygonal
knot and rendered with blue edges and yellow vertices. Thered sticksrepresent gel and theknots
bounding sphereisenabled.

Remoteinteraction

Fourth, we want to have remote interaction with the sSmulation. Because the Smulation
model is so computationally expensive, desktop PC’s do not have the power to perform a
real-time smulation with large data sets. We envison that the computation will take

place on a centrad high- powered compute server and for the visudization and interaction
to take place on aremote client.  This feature has not yet been developed and is a good
areafor future research.



Conclusion

Our research isawork in progress. We have developed visudization and control
software for a computationaly demanding scientific Smulation of DNA srandsin gel
electrophoresis.

We anticipate Splitting the software into a client-server architecture that will dlow large
amulaions to be executed via a compute-server and controlled and viewed with aremote
client on astand-aone PC. We aso anticipate interesting work in correlating red-world
ge eectrophoresis experiments with our smulated runs in an attempt to discover whether
knot-theory can be gpplied in any way to DNA behavior.

References

1. Simon, J. and Buck, G. (1997). Energy and length of knots. In Suzuki, S (Ed.)
Lectures at Knots96, (pp 219-234) World Scientific Pub.

2. Simon, J. (1996). Energy functions for knots: beginning to predict physica behavior.
In J.P. Mesirov, K. Schulten, and D.W. Sumners, (Eds) Mathematical Approachesto
Biomolecular Sructure and Dynamics (IMA Volumesin Mathematics and its
Applications: Vol 82), New York, Springer

3. Sumners, D. (1996). Lifting the Curtain: Using Topology to Probe the Hidden Action
of Enzymes. Notices of the AMS, 42, 528-537.

Acknowledgements

We would like to acknowledge the College of Science and Allied Hedth at the University
of Wisconsin LaCrosse for their financid support of this project.



