Additional File 1. Supplemental Information

The Physical Genome Model

To explore typical visualization concerns, we created a physical model of the human genome in
the G1 interphase. Interphase chromatin has limited condensation along with continual
transcriptional activity, exhibiting maximal structural detail. Figure S1 displays a full synthetic
model of human G1 chromatin at 30nm resolution, with select regions magnified at higher
resolutions. Using characteristic statistics, we have generated 46 human chromosomes in a 3-
dimensional space comparable in size to a human nucleus (~10 pum). Although our model is of
course approximate, its size and scale are quite similar to what would be expected for more

accurate models.

We chose to model four scales which capture the majority of function and organization of
nuclear DNA: nuclear, 30nm, nucleosome, and atomic (listed in order of increasing resolution).
The lower resolutions of our model, i.e., the 30nm chromatin and nuclear scales, contain data
that possess a random element, and their statistical characteristic distributions are based on
experimental observation [2-4]. Although the nuclear periphery is not explicitly modelled, the
computed path of the 30nm chromatin is designed to meet nucleosome density and curvature
statistics measured in situ [4]. A central feature of our model is its integration of multi-
resolution data from different scales to realize a fully atomic model. Table S1 lists the scales and

sources of the data sets used in constructing our model. Our model is modular and the



Figure S1. A multi-scale view of the human physical genome model

The model was generated for all 46 chromosomes in G1 interphase. A At nuclear scale, all
chromosomes are shown as 30nm fibers in separate chromosome territories (CTs). Each chromosome
was colored with one of eight random colors. The spatial distribution of chromosomes was derived
from statistical methods. B A small portion of 30nm chromatin shown in A (bounded by black box)
displayed at nucleosome resolution. At this scale, small loops are visible as DNA wraps around the
nucleosome core particle (not shown). C An atomic view of a nucleosome region in B. The atoms are
placed according to standard Watson-Crick base pairings [1]. A movie of this model is provided on
the Genome3D web page (http://genomebioinfo.musc.edu/Genome3D/Index.html).

statistically derived data can be replaced by more detailed and accurate empirical spatial



distributions.

The levels are constructed in a top-down order, with each level using data from the next higher
scale as starting positions. These anchor points constrain the lower scale structure and enforce a
consistent overall model. This hierarchy efficiently stores data and allows for “drill-down”
information retrieval. The only input data required for the model are the DNA sequence length of
each chromosome. Atomic resolution data is generated on demand, and sequence data is only
accessed when necessary by the viewer. If available, NCP bp positions, such as those from
Schones et al [5], can be used. Because of the randomness present in the nuclear and chromatin
scales, each build procedure creates a different instance of a physical genome. Values of the

physical constants used are given in Table S2.

Data Structures

There are two basic geometric elements in our model which are used in multiple scales: the 3-
dimensional curve and random walk. Three-dimensional curves are typically described by
control points with some form of interpolation. We desire interpolations through control points to
gain precise control of the curve position and prevent intersections. Catmull-Rom splines pass
through their control points, but sacrifice C2 (curvature) continuity [6]. In our model, with DNA
twist determined by bp position, we only require C1 (tangent) continuity, and thus use Catmull-
Rom curves to describe genome curves at the fiber, nucleosome and DNA scales. Since each

control point is associated with a unique bp, the curves are parameterized by bp index.



Random walks (RWs) can be simulated by imposing a cubic lattice on the walk space and using
an integer hash-table to keep track of each successive position. During the building of the 30nm
fiber GL RW phase, it is necessary for a RW of N steps to start and end in separately proscribed
lattice cubes. This is an example of a constrained RW, and we use the following energy function

to bias the choice of directions:

P(unconstrained) = N _NDL ,

where N is the number of steps remaining and D, is the cube lattice distance to the goal. This
function is an approximate measure of the “slack” in the curve. If this test fails, the choice is

constrained to be a step in the direction of the goal.

Scale 1: Nuclear

We model interphase chromatin of the G1 phase only, which has a significant degree of
unwinding due to high levels of transcription and less crowding because of single copy DNA
material. Viewed at the scale of a cell nucleus (~5-15 pum), DNA is seen as clusters and is
considered to be predominately localized with limited overlap [7] or with more substantial
intermingling [8]. One chromatin model [9] is based on observing transcriptional activity on the
surface of tightly integrated chromosome territories (CTs) and within inter-chromatin domains.
Another model, known as the Giant Loop/ Random Walk (hereafter referred to as GL/RW,

respectively) model [2] is built to match experimental intra-chromatin distance measures, and



transcription may occur anywhere. There is evidence for both models [10, 11], but we find the
GL/RW model more descriptive of overall chromatin structure, and can support random degrees

of intermingling.

We arbitrarily use chromosome size to establish relative positions within the nucleus by biasing
the larger chromosomes toward the perimeter [3]. This semi-random sequence is the
chromosome build order, starting from the nuclear center to the perimeter. Other chromosome
arrangements, such as those dependent on cell type [12], are easily modelled at this level as
different sequences. A GL RW is then constructed for each chromosome. These RWs outline the

extent of each chromosome at low resolution, and the data is saved as control points.

Scale 2: Fiber (30nm)

A number of experiments have characterized the behavior of DNA at this level of compaction,
where DNA is seen as individual fibers of approximately 30 nm widths when viewed by Electron
Microscopy. In vitro experiments show that the fibers move as random coils with a persistence
length of anywhere from 30-220 nm, depending on the species [4]. In the cell, there appear to be
two major modes of random behavior seen at different fiber scales: the random coil behavior for
lengths of < 2 Mbps; and an additional constraint which begins to restrict the random behaviour
at larger lengths (on the order of 2-200 Mbps), This creates two structural hierarchies within the
chromosome — one is based on a large scale restriction and another forms loops or inter-hub

chromatin, which is the basic 30nm random coil.



At the 30nm scale, constrained RWs are performed for each step of the GLs computed at the
nuclear scale. To a much larger extent than GL RWs, the 30nm RWs must contend with
crowding, intersections and inter-twining. We address this issue by further constraining 30nm
RWs: a) lattice cubes can only be occupied by one chromosome and b) a buffer radius of 2L, is
placed around established RW steps to avoid overlap with successive RWSs. This limits inter-
twining and increases CT integrity. Self-avoidance is modelled by allowing at most 2 visits to

any lattice cube by a single RW.

The 30nm fiber RWs are created separately and are then translated toward the center of the
nucleus until an intersection with another chromosome occurs. This shrinking process is repeated
from random directions and orientations to maximize nuclear packing, and creates inter-
chromosomal distances of ~5nm. Depending on the shape of the non-convex chromosomes,
intermingling volumes can result. Although we do not explicitly model containment or
compression forces from the nuclear envelope, the GL RWSs constrict the 30nm fiber in a manner

consistent with chromosome nuclear density.

Scale 3: Nucleosome

The nucleosome level encompasses the transition from linear DNA to the 30nm fiber.
There are several models which attempt to explain the compaction of DNA via histones to the
30nm fiber. Most models fall into two classes: one-start helix (solenoid [13], inter-digitated

solenoid [14]) and two-start helix (zigzag helical ribbon [15], double-helical cross-linker [16]).



Both types of models can give similar DNA concentrations [17] and allow for variation and

irregularities.

The recurring structural motif at this scale is known as the “nucleosomal repeat”, which includes
the nucleosome core particle (NCP) [18] and the linker DNA that has been found to vary
between 167-250 bp [19]. This implies that the linker region varies from 20 to 80 bp, as the NCP
is a highly conserved structural unit 147 bp in length. We model the nucleosome level using a

recent high-resolution nucleosome array crystal structure [20] as the nucleosomal repeat.

The nucleosomal repeat structure is measured against a fiber axis, which indicates the relative
orientation of the NCPs to the 30nm fiber as they precess around the axis in a two-start manner.
We first propagate the nucleosomal repeat unit forward to be consistent with the crystal

structure, but then translate and orient it to match the sampled orientation from the 30nm fiber.

The regularity of the NCP can be used to reduce the amount of data required to characterize the
DNA atomic chain. The chain forms a helix around each NCP with a constant radius and rise
[21]. By representing the DNA chain as a single 3d curve with ~1nm cross-section [22], a single
starting bp index, position and orientation of each NCP is sufficient to derive atomic positions.
Starting NCP bp indices were derived from a recent nucleosome position data set [5] and

vacancies were filled with the standard NCP and linker.

Scale 4: DNA (atomic)



The atomic level of detail allows integration high-resolution epigenomic data, such as DNA or
histone methylations. In addition, it provides a platform for characterizing protein-protein and
protein-DNA atomic interactions, which play important roles in gene regulation. We also show
how crystal structures can augment the model by using PDB data of a tetra-nucleosome array[20]
and the nucleosome core particle [18]. High resolution detail for the genome model increases its
capacity to incorporate and refine new structural information in the global context of entire

genome.

The atomic nature of linear double-stranded DNA (dsDNA) has been well characterized and is
highly regular. Therefore, standardized ideal planar Watson-Crick base pairs of B-form DNA [1]
are sufficient to model at this level. We are not attempting to capture alternative motifs or non-
uniformities based on sequence at this stage [23]. Evaluating the nucleosome scale curve returns
a tangent vector at each base pair index. A curvature vector is computed by accumulating the
total DNA twist offset from the first base pair. This accumulation can be explicitly determined

by assuming constant DNA twist values [21] within the nucleosomal repeat unit.

Input Data Formats

Genome3D reads model information from data files in the resolutions: Giant Loop, Fiber and
Nucleosome Level. Each format initially stored in XML data. The Fiber and Nucleosome Level
data are converted to a binary format for faster loading. Full genome sample models are available

for download here .



Genome3D uses a multi-resolution model stored in three resolutions in separate folders. A single

chromosome has information contained in an XML file in each resolution directory:

1. gloop/

- low resolution curves control points

- each curve is a "giant loop" the anchors the chromosome

- stored as an XML curve
2. fiber/

- medium resolution curves control points

- each curve is a path of 30nm chromatin for each chromosome

- stored as an XML curve (usually in binary to conserve space and speed up load time)
3. nucleo/

- high resolution data

- nucleosome core particles positions and orientations for each chromosome

- stored as an XML NCP file (usually in binary to conserve space and speed up load time

)



In practice, it will often be difficult to obtain experimental data for all 3 levels, and some amount
of integration will have to be performed. This is a non-trivial task to make the data consistent
across resolutions. We presented above a deterministic method to flesh out an atomic model
from a given 3d curve at the fiber (30nm) resolution, but this may be insufficient for some cases
where the input data is at higher resolution. The local and global chromatin structure may be
difficult to reconcile, most likely from lack of data at the global level. In these cases, partial

model building may be helpful, as the input data formats need not be complete chromosomes.

XML curve

This file format is a simple 3d curve defined by its control points. The curve is parameterized by
base pair index. We used a Catmull Rom spline to interpolate the positions as it passes thru
control points. Since 4 points are need to interpolate, 2 points were added at the front and back to
permit interpolation over the full range of the curve. The additional points were computed by
reflecting the end regions. To prevent the bp from being negative, the bp index is offset by
10000, that is, to get the position of bp 1 from the curve, you interpolate bp 10001 ( which uses 2

virtual reflected bps which have an index < 1000 but >0)

<curve>
<description>
<name>chrl<name>
<time>Mon Mar 17 16:59:02 2008<time>
<num_keys>49744<num_keys> <-- number of control points
(keys ) -->
<description>
<keys>
<key bp="10001"'"> <-- bp index --->
<x>-1621.519362<x> <-- control point x coord -->
<y>-4515.041581<y> <-- control point y coord -->
<z>1233.750178<z> <-- control point z coord -->

<key>



<keys>
<curve>

NOTE: all distances are in nanometers (nm).

There is no requirement that the curve by any set length, just that the number of keys are
completely specified. Thus, you can create curves of any bp index starting and ending points in

any order. This is useful if you are modeling a portion of the genome.

XML NCP

This file format is a list of ncps (Nucleosome Core Particle) within the chromosome. Each ncp is
147 bps long spiral, with a radius and rise, and has a an unique position and orientation define by
a radial vector and an axis. We store a ncp with 3 vectors, the center vector, the radial vector, and
the axis vector. All other parameters are assumed to be constant and are in the header. Like XML
curves described above, the number of ncps in an XML nucleo file is arbitrary and not dependent

on file order.

The description composite gives fixed information about each ncp. DNA wraps around the ncp
in a spiral. The total rotation is give in the rot rad tag in radians (it's 1.75 turns). The rise is the
amount for rise per turn for each revolution. i.e. the slope of the spiral.
Each NCP is specified by 3 vectors, which are all specified with respect to the global nuclear
frame.

1. center (C)

The center of the NCP rotation. Note that this is not the center of mass.

2. radial (R)



This vector is the distance and direction from the center to the first bp of the NCP. Note

that this is a relative vector, to get the position of the first bp, compute C + R.
3. axis (A)

A unit vector pointing in the direction of the axis of rotation of the NCP helix.

To create a DNA spiral around ncp, spin R about A centered at C for rot_rad radians, bumping

the position up the axis by rise_nm each turn. (see Figure S2)

=0

(A) (B) (©)

Figure S2 — A diagram of NCP (Nucleosome Core Particle) orientation vectors. (A) The position
of the C (center), A (axis of rotation) and R( radius to starting bp) vectors. (B) A side view of the
NCP showing the DNA helix circumscribing the NCP. The pitch of this helix is rise_nm/rot_rad.

(C) A view looking down the axis of rotation. The DNA helix completes 1.75 turns about the NCP.

A sample NCP in an XML NCP file:

<nucleo>
<description>
<name>chrl<name>
<time>Wed May 7 23:02:08 2008<time>
<rise_nm>2.600000<rise_nm> <-- rise per turn in nm -->
<rot_rad>10.995574<rot_rad> <-- length of dna spiral around ncp in
radians -->
<ncp_bps>146<ncp_bps> <-- number of bps in dna ncp wrap -->
<num_ncps>1006639<num_ncps> <-- number of ncps in file -->
<description>

<ncps>



<ncp bp="1" helix="A" data='"‘none''> <-- bp is bp index
the following attributes are annotations and do not affect structure
helix = which part of the 2-start helix - either A or B

data = position source annotation -—>
<cx>-1623.008126<cx> <-- center of ncp x coord -->
<cy>-4513.744538<cy> <-- center of ncp y coord -->
<cz>1240.902401<cz> <-- center of ncp z coord -->
<ax>-0.300901<ax> <-- axis of ncp x coord -->
<ay>0.908627<ay> <-- axis of ncp y coord -->
<az>-0.289578<az> <-- axis of ncp z coord -->
<rx>2.386502<rx> <-- radius of ncp x coord -->
<ry>-0.418208<ry> <-- radius of ncp y coord -->
<rz>-3.792059<rz> <-- radius of ncp z coord -->
<ncp>
<ncps>
<nucleo>

NOTE: all distances are in nanometers (nm).

For rendering purposes, a local reference frame for each NCP is established. It is based on the
center of the NCP and the radial vector. The radial vector is considered to be the X axis, the NCP
axis of rotation is the Y axis and the Z axis is orthogonal to two. This is the coordinate system in

which all proteins are rendered.



Tables

Table S1 - A list of the data sets used in modelling and creating images of the human

physical genome.

Integrated Datasets
Type scale source
Genome sequence atomic UCSC hg18 build [24]
Chromosome positions™* nuclear FISH study [3]
30 nm fiber path/ flexibility* 30nm Persistence length[25]
Nucleosome bp positions nucleo MNase-digested chromatin [5]
Nucleosome core particle atomic PDB 1A0I[18]
Tetra-nucleosome array atomic PDB 1ZBBJ[20]
Single nucleotide polymorphisms atomic FUSION, SardiNIA, DGI databases [26]
Histone methylations atomic ENCODE Region ENmM010[27]
Bp atom positions atomic NC-IUBMB standard reference frame [1]

The data spans four resolutions: nuclear (~1pm), 30nm, nucleosomal (~1nm) and atomic (~1A).
It consists of statistical information, atomic crystal structures and high-throughput genome-wide
data. The ability to incorporate data from different resolutions is vital to creating a consistent

model. Information labelled with * is statistical in nature and introduces a random element to the

model.

The above table show the resolution span of information that has been used to create our sample
models. It is by no means comprehensive and is provided as an example of how data from
different scales is to be integrated to create a single multi-resolution model. High resolution
atomic data can often be considered uniform given lower resolution constraints, and we designed
our model top-down, where each proceeding level established constraints for the next higher
resolution. Obtaining more precise data, particularly at the 30nm chromatin level, is difficult
currently, and we use global statistics to provide plausible local chromatin structure.

Complicated inter-resolution interactions, such as large sequence-based interactions or



transcriptional crhomatin remodeling, provide more constraints and will require more

complicated model-building paradigms.

Table S2 - Physical constants used in build the genomic model

Physical Constants

Nuclear scale

Nuclear radius 15um
Giant Loop Lp 300nm [2]
Giant Loop Lp bp 3000000 [2]
30nm Fiber scale
30nm Lp 50nm
[25]
30nm Lp bp 5000
[25]
Nucleosomes scale
NCP diameter 9nm [21]
NCP rise 2.59nm/turn [21]
NCP bp 147bp [21]
NRU fiber rise 3.34nm/NRU [20]
NRU fiber twist -38.1°/NRU [20]
DNA scale
DNA twist 10.5 bp/turn [21]
DNA NCP twist 10.2 bp/turn [21]

L, is persistence length. NCP is the nucleosomal core particle. NRU is the nucleosome repeat

unit. These values are reasonable estimates from current literature.
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