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ABSTRACT
Genomics is a sequence based informatics science and a structure based molecular material
science. There are few tools available that unite these approaches in a scientifically robust
manner. Here we describe G-Dash, a web based prototype of a genomics dashboard,
specifically designed to integrate informatics and 3D material studies of chromatin. G-Dash
unites our Interactive Chromatin Modeling(ICM) tools with the Biodalliance genome browser
and the JSMol molecular viewer to rapidly fold any DNA sequence into atomic or
coarse-grained models of DNA, nucleosomes or chromatin. As a chromatin modeling tool,
G-Dash enables users to specify nucleosome positions from various experimental or
theoretical sources, interactively manipulate nucleosomes, and assign different
conformational states to each nucleosome. As an informatics tool, data associated with 3D
structures are displayed as tracks in a genome browser. The exchange of data between
informatics and structure is bi-directional so any informatics track can inform a molecular
structure (e.g. color by function) and structure features can be displayed as informatics tracks
in a genome browser(e.g. Roll, Slide, or Twist). As a sample application, models of the CHA1
promoter based on experimentally determined nucleosome positions are explored with
G-Dash. Steric clashes and DNA knotting are observed but can be resolved with G-Dash’s
minimal coarse-grained model without significant variation in structure. Results raise
questions about the interpretation of nucleosome positioning data and promoter structures. In
this regard, G-Dash is a novel tool for investigating structure-function relationships for regions
of the genome ranging from base pairs to chromosomes and for generating, validating and
testing mechanistic hypotheses. http://dna.engr.latech.edu/~gdash/GDash-landing-page
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INTRODUCTION
Chromatin is the biomaterial that contains the genome in all higher organisms. Genomics is
fundamentally a DNA sequence based information science and a 3D based material science.
Determination of chromatin structure is challenging for both experimentalists and theorists[1].
There is no consensus for the structure of chromatin[2], but there is a wealth of structure,
informatics, and functional data. 3D structure based experiments provide atomic or near
atomic data for nucleosome and nucleosome arrays[3-9]. Cross-linking and sequencing
based methods yield the gross structure of entire genomes[10-17]. Global efforts such as The
1000 Genomes[18; 19], ENCODE[20-22] and the 4D Nuclesome[23] projects provide
reference standards for informatics analysis. Coupled with next generation sequencing(NGS)
and genome wide association(GWA) studies these reference standards enable individual labs
to link chromatin reprogramming with disease and altered gene expression, e.g.[24-27].
However, a significant challenge in chromatin structural biology is unifying this data to develop
and validate structure-function relationships or hypotheses genomic mechanisms of action.
There exists a growing collection of tools for low resolution chromatin modeling based
on Hi-C analysis[15; 28], but there are few if any tools that directly link informatics data with
atomic or coarse-grained modeling. Researchers often rely on conceptual diagrams to
describe genomic mechanisms. These diagrams may fail to account for known structural
details. Likewise, even though atomic and coarse-grained models of chromatin are rapidly
maturing[29; 30], modelers are faced with the challenge of identifying relevant experimental
and biological data during study design and interpretation phases. Modelers may fail to
account for important biologic information.
The goal of G-Dash is to promote the convergence of informatics and structural studies of
chromatin through the development of genome dashboards. A dashboard is a console that
manages information and provides controllers for navigating the physical world. A “genome
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dashboard” merges bioinformatics and structural studies of genomes. Merging data from
different sources (data unification) is based on the idea that DNA is the common thread in
chromatin structural biology and is achieved through laboratory (Cartesian coordinate) and
material (internal coordinate) reference frame representations of DNA as a space curve.
Here we present G-Dash as a prototype genome dashboard for modeling chromatin.
Below we describe the mathematical theory and code design principals that are the
foundation of the genome dashboard concept. We then introduce G-Dash and demonstrate a
simple usage scenario using the CHA1 promoter as an example. We conclude with a
summary of G-Dash capabilities and outline future possibilities.

METHODS
Theory
Geometry. Chromatin is a protein-DNA complex whose structure is synonymous with the 3D
space curve of DNA contained within it. In a laboratory reference frame, a continuous space
curve has centerline, ⃗r (s) , and director frames embedded in the underlying material,
represented by matrix D= {d⃗1 ( s), d⃗2 ( s), d⃗3 ( s)} [31]. For DNA, a natural choice is to align the
three directors with the major and minor grooves and the axis of DNA. An equivalent
description of the curve is based on the director frames themselves. This description is a
material reference frame description that captures the translations and rotations connecting
⃗
⃗ ( s), Ω(s)]
one director frame to the next, represented here by [ Γ
. The two representations are
T
⃗ ×di , where ⃗t (s) is the
⃗ and d d⃗i / d s= Ω
related by the expressions d ⃗r / d s≡ ⃗t = D Γ

unnormalized tangent, D T is the transpose of the matrix whose columns are the directors,
⃗ s) is the vector representing the instantaneous axis of rotation of the director frame
and Ω(
located along the curve at position, s. The Frenet-Serret Tangent, Normal, Binormal (TNB)
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description can be obtained from just a centerline[32]. For a TNB description of DNA
assumptions about the distribution of twist (for example uniform twist) and shear (for example
shear free) have to be employed to construct director frames that align with base pairs. In this
⃗ (s)] representation to be obtained even when
⃗ ( s), Ω
manner the TNB approach allows a [ Γ
director frame data, D( s) , is missing.
The mathematical foundation of the genome dashboard concept is that [ r⃗ ( s ) , D ( s ) ]and
⃗ s), Ω(s)]
⃗
are equivalent descriptions of the conformation of a space curve, denoted simply
[ Γ(
as C (s) . Converting between representations requires either an integration or a
differentiation. The two representations provide a basis for merging structure and informatics
data. Data unification is thus achieved by indexing all structure data C (s) and informatics
tracks T ( s) by chromosome coordinate s .
Free DNA. DNA conformation C(s) is at best a base pair discrete approximation to a
continuous space curve. (See pioneering efforts by Callidine and Drew[33] and recent efforts
in [34-37].) The base pair step parameters[38; 39] and associated algorithms[40; 41] provide
established conventions for describing double and single stranded DNA as a space curve at
atomic resolution. A sequence specific di-nucleotide accurate model of dsDNA in the
⃗ (s)] (helical parameter) representation can be obtained from x-ray[42; 43] or
[⃗
Γ ( s) , Ω
molecular dynamics[29; 44] studies. The [ ⃗r ( s ) , D ( s ) ] description is obtained by integrating
⃗ (s) , Ω(
⃗ s)] as noted above. Thermal motion can be introduced as random variations of the
[Γ
helical parameters scaled according to measured values of standard deviation[45]. There are
two widely used tools for DNA helical parameter analysis. 3DNA[46] uses an Euler angle
method and a mid-step plane approximation[40]. Curves+[47] uses a Cayley parameter
based method[37]. These and other tools[48; 49] are extremely fast. Helical parameter values
obtained from the two methods are known to differ[50] Differences may arise from two
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sources. The assignment of director frames to base pairs may differ. However, the methods
for assigning director frames are well defined[51], so these differences should only occur for
significant deviations from ideal pairing. The other source of differences is method
dependent. Helical parameter values obtained from the Euler based method, with its mid-step
plane approximation, and from the Cayley parameter method differ even when the director
frames used for the calculations are identical. Thus, values obtained from one method
should not be interchanged with the other.
Masked DNA. Histones or other external agents can alter the material properties of a
contiguous length of DNA from s to s+ N . We label this a Mask, M (s) . Any number of
identical or unique Masks may be associated with a sequence of DNA. In the material
reference frame the conformation of the masked DNA is denoted as [ Γ⃗m ( s) , Ω⃗m ( s)] and spans
⃗ (s)] values
⃗ ( s), Ω
N base pairs. As the name suggests, the Mask simply replaces the [ Γ
associated with free DNA. In terms of Masks, a nucleosome is a DNA superhelix and
histones. The histones can be represented as a single entity (sphere, cylinder, ellipsoid), a
collection of beads, or an all-atom model. Docking the histones to the superhelix is achieved
with the same methods and tools used for describing the relative rotations and translations of
base pairs. A Mask thus has two components: altered material properties compared to free
DNA (conformation and/or flexibility) and docking parameters. If the Mask is a rigid entity both
components are described by fixed lists of internal and Cartesian coordinates. The Cartesian
coordinate representation of C(s) requires only a single translation and rotation to position
each rigidly Masked element in the laboratory reference frame. Linker DNA connecting Masks
is constructed as free DNA.
Chromatin Folding: We define chromatin folding as the physical process by which proteins or
other external agents associate with DNA and alter its material properties (conformation,
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dynamics, flexibility, or chemical properties). DNA methylation is considered a Mask by this
definition since it does not change DNA sequence. In the context of a genome dashboard,
chromatin folding is an informatics problem of describing all the unique Masks and tracking
their locations along a sequence of DNA. G-Dash demonstrates that such an inventory of
Masks can be maintained and converted to 3D structures from single base pairs or entire
chromosomes in real time. In this manner, genome dashboards enable users to both define
and navigate chromatin folding energy landscapes.

Energy: There is no way of knowing if a model assembled in the material representation,
⃗ s), Ω(s)]
⃗
, will avoid steric clash or knotting in the laboratory representation, [ ⃗r ( s ) , D ( s ) ] . We
[ Γ(
utilize LAMMPS to relax G-Dash structures using an approximate coarse-grained model. The
purpose of this model is only to solve steric clashes and knotting as rapidly as possible in
LAMMPS without causing significant variation from the initial structure. It is not intended for
thermodynamic sampling. The model parameters yield a chromatin structure that is
compatible with[52] [53]. The current model in G-Dash does not include histone tails and
includes only three types of beads: Free DNA, Nucleosome DNA, and Octasomes, as shown
2

in Figure 1. We utilize harmonic bond functions E= K (r −r 0 ) and define three bond types to
describe: bonds between 1) Free DNA, 2) Octasomes and Nucleosomal DNA, and 3)
Nucleosome DNA beads. The second and third bond types maintain nucleosome
2

comformation during relaxation. A harmonic angle term captures DNA stiffness E= K (Θ−Θ 0)
based on the angle between adjacent DNA-DNA bonds. Finally, a soft pair repulsion,

E= A [1+cos(

πr
)] is used to push apart overlapping atoms. No effort is made to capture
rc
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electrostatic or van der Waals interactions in this model. The parameter values utilized are
summarized in Table 1.

Code Design
Genome dashboards can be efficiently designed using Model-View-Controller(MVC) design
principals that enforce separation of Concerns(SoC)[54], Figure 2. This ensures that the
dashboard’s functionalities overlap as little as possible, are replaceable and extensible. The
MVC idea separates the Model, the Views, and the Controller, thus allowing independent
development of each.
Model: Model in the MVC schema is the data and related logic. For a genome dashboard, the
Model includes the [ ⃗r , D , ⃗
Γ ,⃗
Ω ] representations of DNA as a base pair discrete space curve
overlaid with Masks, M ( s) , the associated track data, T ( s) and tools for converting between
representations. In general, the rotations and translations associated with a Mask may be
large. G-Dash currently uses the Euler-based algorithm for conversions between[ ⃗r , D ]and

[ ⃗Γ , ⃗
Ω ], which assumes a mid-step plane approximation. This method is restricted to small
bend values suitable for DNA[40]. A Cayley parameter based method is a more appropriate
choice since this method is not restricted by these approximations. If the Masks are all rigid
entities they can be leveraged to improve performance. For example, representing a
nucleosome as a Mask with one bead for both DNA and histones and a single large
deformation of the path of DNA reduces computational and data costs by approximately
n∗146 , where n is the number of nucleosomes containing 147 base pairs. G-Dash currently
maintains a base pair discrete model throughout that does not exploit these performance
enhancements.
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View: View in the MVC schema includes the Control Panel (CP), a 3D Molecular Viewer(MV)
and a Genome Browser(GB).
For the Molecular Viewer, G-Dash utilizes JSmol. In G-Dash, all-atom models are
generated with 3DNA and parameterized with Amber’s tleap modules. The models include
parmtop, crd and pdb formatted files that can be downloaded by the user to initiate modeling
on their own computing resources. JSmol displays the pdb file using JSmol’s cartoon style by
default with adenines(A) colored red, thymines(T) blue, guanines(G) green and cytosines(C)
yellow. Coarse-grained models are stored in an xyz formatted file. The DNA space curve has
Center Atoms, CA, director frame end points as H1, H2, H3 atoms, and octasome cores as
OC atoms. We have applied the following rules for representing coarse-grained models in
JSmol. DNA is represented by small beads and nucleosomes by large beads. A small green
bead represents the start of the structure, and yellow beads represent intermediate base
pairs. Large red beads indicate an unresolved steric clash in models containing less than
30,000 base pairs. For larger models and nucleosomes lacking steric clash, the nucleosomes
are represented by blue beads. Steric clash is not monitored in large structures to maintain
the interactive nature of G-Dash. For all models JSmol is fully functional so users can save
files, change colors or representation schemes etc…
For the Genome Browser, G-Dash utilizes the Biodalliance Genome Browser[55]. As
embedded in G-Dash, Biodalliance allows users to choose the SerCer3 assembly of the yeast
genome or the hg19 and hg38 assembles of the human genome. G-Dash can be configured
to use other public or private genome assemblies. For each genome, users are able to enter
the chromosome coordinates of interest or a search term to jump to a desired location. For
example, entering CHA1 for the sacCer3 assembly jumps to chromosome coordinate
“III:5,798..26,880”. In a genome browser all data are displayed as tracks. In G-Dash, several
default tracks are pre-selected, but users can add tracks from either public or private
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resources[56]. For sacCer3 the default tracks include “Occ”, “Genes”, “Count” and “Peak” and
represent data obtained from [57].
Biodalliance supports bigwig, 2bit and other common data formats. Users can manipulate the
style, color, and max/min values associated with any track. In G-Dash, users select a specific
DNA sequence for modeling using the sequence selector (a yellow bar) in the top track of the
genome browser. G-Dash automatically updates structural-informatics tracks in the genome
browser whenever a model is updated. Structural-informatics tracks are a unique feature of
the genome dashboard concept. These tracks represent features extracted from the 3D
model. In G-Dash structural-informatics tracks currently include
“Energy”,”Nucleosomes”,“Shift”, “Slide”, “Rise”, “Tilt”, “Roll”, and “Twist”, tracks.
For the Control Panel, a graphical user interface has been appended to the Genome
Browser. The Control Panel contains the Nucleosome Energy Landscape introduced in
ICM[45]. The Nucleosome Energy Landscape is a specific instance of a more general Mask
Widget that both represents and enables manipulation of Masks. In the stable version of
G-Dash users can manipulate nucleosome positions and types. Additional controls affect
predetermined computations such as buttons are described in more detail in the Usage
Scenarios section.
Controller: Controller in the MVC scheme is the interface between View and Model that
processes all user input. G-Dash relies on multiple data and language standards to achieve
bi-directional exchange of data between informatics and structure so that any informatics
track can inform a molecular structure and structural features can be extracted as informatics
tracks. G-Dash uses HTML as the front end, JavaScript and JSON(JavaScript Object
Notation) for HTML functions and for embedding Biodalliance, and PHP to pass data from
web pages to modeling units that are coded as unix and vmd scripts, FORTRAN, Python, and
C. G-Dash utilizes bigwig[58] and 2bit genomics formats to exchange track data with
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Biodalliance. A Python based implementation of the Model as an integrated compute kernel is
under development.

USAGE SCENARIOS
A genome dashboard, like any dashboard, enables a user to navigate a physical world that
appears in one or more windows. The navigator may choose to utilize informatics data,
observations of the physical world, autopilot or any combination of these to achieve a desired
outcome. An experienced pilot maintains situational awareness and knows which data
sources should be monitored or ignored to achieve a desired outcome. Below we describe
some simple usage scenarios, and the outcomes that can be achieved with G-Dash.
Additional details including video demonstration included as help on G-Dash landingpage.

From Informatics to 3D Model
One usage modality of G-Dash is the generation of a 3D model based on informatics data.
For this usage modality, tracks T ( s), and Masks M ( s) describing selected nucleosome
⃗ ( s), Ω
⃗ (s)] data for free DNA obtained from [29] are used to
models[59; 60], together with [ Γ
generate 3D models. Below we describe how to make all-atom or coarse-grained models of
DNA, mono-nucleosmes or chromatin with this usage modality.

Free DNA Modeling
As with ICM, all-atom or coarse-grained models of DNA required only a sequence and
temperature to be specified. G-Dash reads DNA sequence information directly from
Biodalliance. Users select the sequence using the sequence selector(yellow bar in genome
browser window), and the chromosome coordinates of the selected sequence appear in the
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Control Panel as the Model Coordinates. Temperature (“T” in the Control Panel), in degrees
Kelvin, determines the amount of thermal variation to be added to the helical parameters for
the regions of free DNA. G-Dash has four options, 0, 100, 200, and 300, available as a drop
down menu in the Control Panel. The default value is zero which means sequence specific
⃗ ( s), Ω
⃗ (s)] as observed in [29] are used. The Temperature function works
average values of [ Γ
for both free DNA and chromatin. However only the DNA that is not Masked is subject to
thermal variations. As we reported previously [59] random fluctuations added to the
nucleosomal DNA helical parameters are sufficient to destroy the nucleosome superhelix[59].
For this reason thermal variations are not added to any region of DNA that is masked.
The Free DNA button in G-Dash will generate a single 3D structure or ensemble containing
ten different sequence specific thermal variants. In the development version of G-Dash, an
all-atom model can be generated using the “All Atom” button in the Control Panel for any
single coarse-grained models.

Nucleosome Modeling.
The stable version of G-Dash includes Masks that represent various conformations of the
nucleosome superfamily of states[60]. All-atom and coarse-grained modeling is allowed for
nucleosomes and is controlled by the Nucleosome Widget in G-Dash. A general purpose
genome dashboard should include a Mask Widget. The idea is the same as the Nucleosome
Widget described below.
Nucleosome Widget: The Nucleosome Widget represents and controls the location and type
of nucleosomes in a Nucleosome Energy Landscape, see Figure 3. The Nucleosome Energy
Landscape was described in ICM[45] and is used to postion nucleosomes. In G-Dash users
may position nucleosomes based on any informatics track. Thus, the Nucleosome Energy
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Landscape may serve as only a reference for manipulating nucleosome positions and types.
G-Dash users are able to add, delete, move or alter nucleosome types using the Nucleosome
Widget by clicking on the corresponding block in the Nucleosome Energy Landscape. The
block turns green when selected and can be used to identify a nucleosome in a 3D model.
Bi-directional data exchange was not supported in ICM-web so these functionalities were not
available.
All-atom Nucleosome models: G-Dash will make an all-atom mono-nucleosome model for
any nucleosome selected from the Nucleosome Energy Landscape by clicking the “All Atom”
button in the Nucleosome Widget, Figure 4 D. The models are based on the 1KX5 x-ray
structure[61] and include Amber formatted parmtop, crd, and pdb files that can be
downloaded for computational studies by the user. For these models a DNA superhelix is
constructured for the selected sequence of DNA and docked onto 1KX5’s histone octamer.
Coupled with high performance high throughput workflows[62] and our iBIOMES-Lite[63]
database of nucleosome simulations[64], a software ecosystem now exists for overnight
comparative molecular dynamics simulations of nucleosomes.
Nucleosome Superfamily: Besides the standard nucleosome(octasome), sub-octasome and
super-octasome states of the nucleosome also exist. G-Dash gives the option of utilizing
different nucleosome states in a single coarse-grained model of chromatin. The stable version
of G-Dash supports manual positioning of octasomes(oct), hexasomes(hex1,hex2),
tetrasomes(tet), and chromatosomes(chrmat). An informatics track can be loaded into a
genome dashboard to track these structural variations. These features were not possible with
ICM-Web.
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Chromatin Modeling
Given the ability to model free DNA and nucleosomes, chromatin modeling is achieved by
assembling these building blocks. Chromatin is linker (free) DNA interspersed with
nucleosome Masks M ( s) . To locate the nucleosome Masks, users can utilize any single
informatics track or use G-Dash’s positioning tools as described below. Whenever a model is
created structural-informatics tracks in the genome browser are automatically updated. Figure
4, H. Collectively these tools provide a novel means of investigating structure-function
relationships.
Automatic positions: The auto option automatically places nucleosomes in the energy
landscape utilizing the same method developed for ICM-Web. The default is 70% occupancy
of the maximum number of allowed nucleosomes and a minimum linker length of 19 bps.
Shown in Figure 4, H. Varying the percent occupancy and minimum linker length determines
how extended or condensed this non-uniform model will be.
Uniform: The Uniform option provides a uniform linker between all Masks. As in
ICM-Web, the user can control the phase and linker length. The default value is a phase of 0
and linker length is 19. The first nucleosome begins at the very start of the DNA sequence. All
successive nucleosomes are spaced 19 base pair from the previous one. This produces a
chromatin fiber structure. As shown in the Figure 4, H, this uniform chromatin fiber is not
necessarily straight even when the temperature is zero because the linker possesses
sequence specific conformation and thermal properties.
Manual positioning: Users can manually control nucleosomes using the Nucleosome
Widget. Clicking on one of the nucleosome “blocks” turns the block from transparent to green.
The user can then drag the nucleosome to alter its position, change its type using a pull-down
menu, or delete it. If there is sufficient room a nucleosome can be added to the left or right.
Once the desired distribution of nucleosomes is achieved in the Nucleosome Energy
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Landscape, selecting “Position” from the drop down menu of build options will make the
prescribed model and update the structure tracks to the genome browser.
Positioning from track: Finally, any single informatics track can be used to position
nucleosomes. The chosen track may be experimentally or theoretically determined
nucleosome positions or any combination of data uploaded by the user as track. To achieve
this method of chromatin folding, the user clicks the desired track name and selects “Use
position from track” in the “Position” drop down menu. Since nucleosome positions are
displayed as a structure-track for any model created in G-Dash this track can be exported
from the genome browser and uploaded later to restore a previous model with this modeling
option. This technique can also be used to overlay a desired chromatin folding motif onto any
segment of DNA.
Structure Relaxation: Steric clashes or knotting may occur for any model assembled in
the material reference frame. For this purpose a minimization function is provided. When
these problems occur, as indicated by red nucleosomes, users should click the “Minimize”
button, to relax the model. If the problems can be resolved with a short minimization the user
may assume the indicated 3D conformation can be physically realized. If the problems are not
solved by the minimizer the model is likely not physically realizable.

Structural-Informatics: For the purposes of analyzing structure-function relationships it
is beneficial to map informatics data onto a 3D model. G-Dash provides two methods of doing
this. Individual nucleosomes can be selected in the Nucleosome Widget and assigned a
specific color or an informatics track can be utilized to color all the DNA in a model. Selecting
a track and using the TrackColor button in the control panel pushes informatics data onto the
3D model. JSmol’s command console can also be used to modify colors as desired, but it
does not currently have direct access to the informatics data in the genome browser.
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From 3D Model to Informatics
The other usage modality of G-Dash is to extract informatics from a 3D structure and formats
it as track data. This mode can be used to align an externally developed model with
informatics data for the purpose of interpreting or validating the physical model or employed in
a workflow for developing knowledge based potentials.
Structure Tracks: Whenever a model is made in G-Dash structural informatics tracks
are generated and automatically updated, Figure 4, A. These tracks are highlighted in green
in G-Dash and include helical parameter data, such as “Roll”, “Slide”, “Twist”, energy from the
nucleosome energy landscape, and nucleosome occupancy data. These tracks all appear
under the Modeling Data tab in Biodaliance’s track management tools.
Structure Upload: In the development version of G-Dash an externally developed 3D
structure can be associated with a genome assembly using the upload button at the bottom of
Control Panel. Currently only DiscoTech[65] based pdb models are allowed since the model
⃗ ( s), Ω
⃗ (s)] data can
has to be converted to an ICM compatible model. Any model for which [ Γ
be computed should be supported. If the model explicitly contains [ r⃗ ( s ) , D ( s ) ] information or if
the director frames can be systematically extracted from the model then the algorithms
described in Methods can be used to compute structure tracks. If, as is the case with the
DiscoTech based models, only [ ⃗r ( s ) ] data is available, director frames must be determined
from a TNB description. The DiscoTech based models pose the additional challenge that
there are nine base pairs per bead. Uploading DiscoTech based models thus demonstrates
an important proof of concept. TNB approach can be used to generate missing data. If the
model contains sequence information it can be automatically aligned with a genome
assembly. For the DiscoTech based models, which contain no sequence, the user chooses a
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starting location with the sequence selector (yellow bar) to associate the model with
chromosome coordinates. This usage modality provides a powerful tool for interpreting
modeling based studies.

APPLICATION
As a sample application, G-Dash is utilized to studied the CHA1 promoter located on
chromosome III of saccharomyces cerevisiae (sacCer3). This system is well studied and was
used, along with the HIS3 and PHO5 promoters, to validate one of the first genome wide
assays of nucleosome positions[66]. For this example experimentally determined and
theoretically predicted nucleosome positions are used to make coarse-grained models of
chromatin. We also consider the effects of the phase term in a uniform chromatin model.
Generating User-defined Tracks: Nucleosome positioning information from [57] and
hydroxyl radical cleavage data from [67] were converted to bigwig data format using the
wigToBigWig converter provided by [58]. These tracks are uploaded as custom tracks in
Biodalliance using its track management features by selecting the “Binary” option under the
“Choose Files” button, and choosing the desired file. Clicking “Add” displays the bigwig data
as a new track in G-dash(see supplemental video). Data from [57] is loaded by default for the
sacCer3 assembly in the stable version of G-Dash. Data from [67] is loaded by default in the
development version of G-Dash.
Experimentally Determined Positions: Using chrIII: 15798..16880 as the CHA1
promoter region of interest and the experimentally determined nucleosome positions
produces the model shown in Figure 4, G. Specifically, the track labeled “Occ” in G-Dash’s
sacCer3 assembly has been used for the nucleosome positions. The resulting structure has
both steric clash and knotting problems all of which are solved by using G-Dash’s “Minimize”
feature, Figure 4, G. Similar to the results for the MMTV promoter computed by ICM-Web[45]
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it is clear that several irregularly spaced nucleosomes are insufficient to identify a chromatin
fiber. Moreover, the 3D structure of the promoter is much more accessible than one may be
lead to believe by spacing of nucleosomes as informatics, Figure 4, G. Assigning different
conformations from the nucleosome superfamily to the individual nucleosomes or using
chromatasome complexes rather than octasomes will certainly change conformation of the
model; however, such changes will not produce a highly compact structure. This is true for
any choice of nucleosome positions available from [57]. The PHO5 and HIS3 promoters yield
similar results.
Uniform: To achieve a highly compact structure one can ignore the nucleosome
positioning data and uniformly space the nucleosomes, as is done for chrIII: 12871...16880 of
sacCer3 in Figure 4, H. The resulting model has the general properties of a 30nm fiber.
However when all nucleosomes are repositioned by 5 base pairs using G-Dash’s phase
option the chromatin fiber bends, Figure 4, H. A similar phase dependent bending of uniform
30nm fiber models was obtained for the MMTV promoter using ICM-Web[45]. These models
clearly demonstrate how the sequence dependent material properties (conformation and
flexibility) of linker DNA can effect the structure of chromatin on longer length scales. In Figure
5, multiple loops occur in a uniform linker model of chromosome III and are observed to be a
common feature of long length scale models produced by ICM-Web and G-Dash. The looping
arises only from the sequence dependent material properties of DNA (conformation and
flexibility).

G-Dash Scalability
The conversion between material frame and laboratory representations is fast. Compute time
to fold 30,000bp is less than 0.5s. Folding all of chromosome III (over 237,000bp) requires
less than 1.5s in the FORTRAN compute engine, Figure 5. Data for a Python based version is
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provided for comparison. For G-Dash the bottleneck is transferring and loading the molecule
for display in JSmol. Speed up in G-Dash can be achieved by not transferring all the base pair
data. In fact transferring only one bead per nucleosome rather than a bead for each base pair
and the core to represent a nucleosome will yield an over 100 fold savings per nucleosome.
These and other optimizations will allow megabase segments and larger to be managed
interactively in a web format and small to medium chromosomes to be managed in
computational workflows on a desktop workstation.

DISCUSSION
Here, G-Dash has utilized experimentally determined and theoretically predicted nucleosome
positions to make models of chromatin folding. G-Dash provides an approximate model. The
structural details of both the positioned nucleosome and the uniform positioning models of
CHA1 are likely inaccurate, but the gross scale features and interpretation are likely correct.
3D structures determined from nucleosome positioning data are much more extended and
irregular than is typically appreciated. The overall conformation of chromatin can be radically
changed by subtle changes in nucleosome positions, unless linker DNA deforms to preserve
the spatial arrangement of the nucleosomes. Likewise, large changes in nucleosome
positioning may yeild similar 3D conformations. Thus conserved patterns in 3D may exist that
cannot be observed by consideration of nucleosome positions alone. A model of chromatin
structure emerges in which nucleosomes serve dual functions: compacting the genome and
regulating structural organization (chromatin looping) by masking and unmasking the material
properties on DNA. These structure functions relationship can only be explored by unity
informatics and 3D structural data.
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Nucleosome positions and DNA materials properties alone are an incomplete model of
chromatin. The obvious next step is inclusion of Hi-C, Micro-C and other cross-linking data as
distance constraints in the 3D structures. This is a form of a knowledge-based potential that
can be immediately realized by unifying structure and informatics in a genome dashboard.
G-Dash is only a prototype of the genome dashboard concept that unifies structure and
informatics approaches. We will continue to add features to G-Dash, but expect other genome
dashboards to be developed. Using the design principals described here. There is nothing in
the genome dashboard concept that limits its application to eukaryotes or chromatin folding.
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Figure 1: Coarse-Grained Nuclesome Model: The nucleosome model used during
structure relaxation is a minimalistic model designed to preserve nucleosome structure. It
consists of three “atom” types: (1) free DNA (blue beads), (2) nucleosomal DNA (red beads),
and (3) the histone octamer (green bead). There are three “bond” types: (1)-(1), (2)-(3) and
(2)-(2). The latter fixes the pitch of the DNA superhelix with bonds between adjacent atoms
of the gyres.
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Table 1: Energy Terms for the Coarse-Grained Model. The coarse-grained model uses
harmonic bond and angle functions and a soft-core repulsion term available in LAMMPS.
Parameter values for each energy function and atom type are as listed. These values are
chosen to preserve structure while resolving steric clash and knotting rather than for
thermodynamic accuracy.
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Figure 2: Model-View-Controller(MVC) Design: A genome dashboard is a finite state
machine that can be efficiently developed with a Model-View-Controller(MVC) design
philosophy. The Model includes: Cartesian coordinate and material reference frame
descriptions of DNA as the common thread, an inventory of Masks, and the necessary logic
and routing to account for the Mask when coverting between the representations. The Views
include: a Genome Browser, a Molecular Viewer and and a Control Panel. G-Dash uses
Biodalliance and JSmol for the browser and viewer elements, respectively. The Control
Panel is specific to G-Dash. And appears as extension of Biodalliance, the Controller
manages the exchange of data between Model and Views.
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Figure 3: Summary of G-Dash Views: G-Dash contains an embedded genome browser
(Biodalliance), a Nucleosome Widget, a Control Panel, and a Molecular Viewer (JSmol). The
Nucleosome Widget is a component of the Control Panel that displays a Nucleosome Energy
Landscape and allows nucleosomes to be individually manipulated. See text for additional
descriptions of Control Panel elements. Letters corresponds to descriptions in text and items
in Figure 4.
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Figure 4: Typical Usages of G-Dash. A) A sequence is selected for modeling with the
yellow highlighter in the sequence track of the genome browser (yellow bar). B) A single
sequence specific coarse-grained or all-atom model of DNA or ensemble of conformations
representing thermal variations can be generated and displayed. C) Different conformations
of the nucleosme superfamily of states can be assigned to specific locations using
informatics tracks E) or the Nucleosome Widget F). D) An all-atom model for any single
nucleosome can also be generated. G) The default coloring of coarse-grained nucleosome
models uses small yellow beads for DNA and large blue beads for the histones. Steric clash
is indicated by red nucleosmes. Informatics data can be mapped on the coarse-grained
models. H) Options for generating specific distributions of nucleosomes along the DNA are
provided. The development version supports conversion of coarse-grained models to allatom models.
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Figure 5: Timing Summary. Timing is reported for Python and FOTRAN versions of the
compute kernel as a function of DNA length in base pairs. Both compute kernels exhibit linear
costs as expected and can fold arbitrarily long sequences of DNA into extended or
condensed models of DNA and chromatin. Reported time does not include transfering the
model to the molecular viewer and rendering it. That timing depends strongly on network
speed and congestion.

