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Physical Origin of the Contact Frequency in Chromosome Conformation
Capture Data

Seungsoo Hahn and Dongsup Kim*
Department of Bio and Brain Engineering, Korea Advanced Institute of Science & Technology, Daejeon, South Korea

ABSTRACT Physical proximity between each pair of genomic loci in a nucleus is measured as a form of contact frequency in
chromosome conformation capture-based methods. Complexity of chromosome structure in interphase can be characterized by
measuring a statistical property of physical distance between genomic loci according to genomic separation along single chro-
matids. To find a relationship between the physical distance and the contact frequency, we propose a polymer model derived
from the Langevin equation. The model is derived by considering a structure of a chromosome as a trajectory of a particle, where
each consecutive segment in the chromosome corresponds to a transient position in the trajectory over time. Using chromosome
conformation capture data, we demonstrate the functional relationship between the two quantities. The physical distances
derived from the mean contact frequencies by the model show a good correlation with those from experimental data. From
the model, we present that the mean contact frequency curve can be divided into three components that arise from different
physical origins and show that the contact frequency is proportional to the contact surface area, not to the volume of segments
suggested by the fractal globule model. The model explains both a decaying pattern of the contact frequency and the biphasic

relationship between the physical distance and the genomic length.

INTRODUCTION

Genomic organization is closely related to functional pro-
cesses occurring in the nucleus (1-6). Chromatin structures
have been studied by various experimental techniques such
as light microscopy, electron microscopy, cryo-electron mi-
croscopy, x-ray scattering, and x-ray crystallography (7—
10). Although these techniques are useful in unraveling
molecular structure of chromatin or overall shape of nu-
cleus, they are not applicable to solve the three-dimensional
structure of genome or long-range interaction between pairs
of genomic loci on a genomewide scale. To investigate the
complex, genomewide chromosomal structure, various
techniques based on the chromosome conformation capture
(3C) method have been developed (11-21). These 3C-based
techniques have been applied to examine long-range inter-
actions between genomic loci in many organisms (11-14).
However, the resulting experimental data contain not only
signals but also various systematic errors and noise. To
extract information despite these error sources, various sta-
tistical approaches and theoretical models have been devel-
oped (14-16,22).

Characteristics of chromosome conformation have been
described by two quantities: the contact frequency and the
physical distance between genomic loci. Both quantities
can be measured by experimental methods; 3C-based exper-
iments have been performed to measure the contact fre-
quencies (16), and fluorescent in situ hybridization (FISH)
experiments have been performed to measure the physical
distance (14,23). The functional dependence of the quanti-
ties on genomic length has been used to build various poly-
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mer models. Hahnfeldt et al. (24) suggested a random-walk
model under a hard spherical boundary. Mirny (25) pro-
posed the fractal globule model to explain the functional
dependence of the two quantities on the genomic distance.
The random loop model was suggested to explain an asymp-
totic behavior of the physical distance on a large genomic
separation (23). The random-walk/giant loop model was
suggested based on the biphasic relationship between the
mean-square end-to-end distance and genomic length,
where the biphasic relationship means that the physical dis-
tance increases like the random-walk model in the region of
a short genomic length and it follows the fractal globule
model in the region of a large genomic length (26). The mul-
tiloop subcompartment (MLS) model proposed that several
consecutive loops form a subcompartment, which is a struc-
tural chromosomal unit (27). Various computer simulations
have been performed to unravel the detailed structure of
chromosomes in interphase by integrating all experimental
observations based on the polymer models (12,14,15,28).
Several methods of interpreting 3C-based data have adop-
ted a segment-based approach (12-15). In this approach, a
target genome is divided into many labeled segments with
a certain size, where each segment covers a specific contin-
uous genomic region. Contact frequencies between the seg-
ments are determined by analyzing experimental data. This
segment-based approach reduces computational require-
ments and experimental errors (22). Additionally, proper
normalization of contact frequencies is necessary to reduce
various systematic errors and signal noise (29,30). For
further analysis, the contact frequencies must be converted
into physical distances between the segments. Dekker et al.
(16) assumed that the contact frequency is proportional to
the local chromosome concentration around a target
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Physical Origin of the Contact Frequency

genomic locus. Duan et al. (12) used a mean contact fre-
quency curve as a standard curve to convert contact fre-
quencies into physical distances. Tanizawa et al. (14)
directly measured physical distances between several
genomic regions using FISH experiments and created a stan-
dard curve based on their experimental results to translate
overall contact frequencies. Although it is clear that the con-
tact frequency is inversely proportional to the physical dis-
tance, the exact functional relationship remains unknown.
It is obvious that a reasonable interpretation of the contact
frequencies obtained from 3C-based experiments is the first
step toward constructing the three-dimensional structure of
a genome inside a nucleus. Here, we suggest what we
believe to be a new approach to understand the physical
origin of contact frequencies by establishing a relationship
between the genomic length of a segment and its total num-
ber of contacts with surrounding genomic parts. We also
demonstrate a method for converting the obtained relation-
ship into the contact frequencies, even for the case in which
the genomic segments have different genomic lengths each
other. From the model, we explain the relationship between
the physical distance and the contact frequency. Finally, we
suggest possible mechanisms that may dictate the contact
frequencies and discuss their physical meaning.

THEORY AND METHODS

For polymer models, a chromosome in a nucleus is considered to be
composed of consecutive spheres linked by a string in which each sphere
corresponds to a genomic segment in the chromosome (25). To understand
the properties of a chromosome structure, we develop a model by consid-
ering the consecutive spheres as the trajectory of a single sphere obtained
by tracing the position of the sphere inside a nucleus as displayed in
Fig. 1 A. The motion of the sphere is assumed to follow the Brownian
motion, wherein a particle moves randomly in a fluid as a result of colli-
sions with other molecules. The stochastic nature of genomic locations in-
dicates that individual genomic loci have different local conformations and
variable spatial positions from cell to cell (21,31-34).

Segment activity

Each genomic segment in a chromosome is surrounded by other chromo-
somes or other portions of the chromosome. We define segment activity
as the number of contacts between a segment and its surroundings measured
by 3C-based experiments. Generally, a larger segment has a larger segment
activity. Let us consider a large segment formed by a combination of n
consecutive unit segments. We assume that the segment activity of the large
segment, F(n), is proportional to the mean-square end-to-end distance as

F(n) = ki(lr(n)]*) = kiR(n)’ (1)

where r(n) and R(n) denote the end-to-end distance vector and the physical
distance between the unit segments at both ends, respectively; the angle
brackets denote an ensemble average over all genomic fragments in many
cells; and k; is a proportional constant that depends on various factors such
as the efficiency of the restriction enzyme, the number of paired sequences,
the distribution of restriction sites, surface conformation, and other details of
the experimental method. This assumption can be rationalized because the
segment activity is proportional to the surface area of a segment.
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FIGURE 1 Schematic view of a subregion of the nuclear structure and

three components involved in contact frequency. (A) Chromosomes are
composed of equally divided genomic segments. Each segment is repre-
sented by a circle with a different color according to the chromosome.
The segment s, contacts many surrounding segments (double-sided
arrows). Similar to Brownian motion, consecutive segments (yellow
circles) are regarded as a trajectory of the segment s, with time. (B) The
contact frequency and the segment activity are composed of three compo-
nents: normal, constriction, and chain-persistence components (denoted as
normal, const, and chain, respectively). In contrast to the segment activity,
which is mainly determined by the normal component, the contact fre-
quency depends on the three components. For the contact frequency, the
normal component contributes dominantly between the closely located seg-
ments with a large segment size, the chain-persistence component is domi-
nant between the closely located segments with a small segment size, and
the constriction component is dominant between the segments, which are
separated. To see this figure in color, go online.

Mean-square end-to-end distance

Brownian motion can be described by the Langevin equation: a particle is
decelerated by a frictional force in the direction opposite to its travel and is
accelerated by a random force with a random direction (35). Similar to the
Langevin equation, we assume that the position of a sphere in a chromo-
some adheres to the differential equation as

d2

() = —s%r(n) +1(n) @
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where £ and r(n) denote a frictional constant and the position of the nth
sphere relative to its initial position, respectively. The second derivative
of the position along the direction of the chain is proportional to the first
derivative with a negative slope and to an external force, f(r), on the sphere.
By multiplying each side of Eq. 2 by r(n) and by applying our knowledge of
basic differential equations, we obtain

2

@ +2r(n) - f(n) (3)

2 d 2 d
IR + €5 () = z‘%rm)

By taking a statistical average, Eq. 3 becomes

d—zR(n)2+§iR(n)2 = 2b% +2(r(n) - f(n))

dn? dn
2> 1/2

with b = <‘i r(n)
dn
where b denotes the average distance between nearest-neighbor spheres.
From the definition of r(n), there are two boundary conditions: the mean-
square end-to-end distance and its first derivative are equal to zero at the
initial position (35). By applying the two boundary conditions and an addi-
tional assumption that the external force is randomly exerted, a solution to
Eq. 4 can be obtained:

R(n)* = 2b (n ! (1- eE")> 5)

“)

£ £

By comparing this result with the wormlike chain model, we find that the
frictional constant is inversely proportional to the persistence length P as
& = b/P, which coincides with the meaning of persistence length (36).

In the interphase nucleus, the end-to-end distance between spheres is
reduced because chromosomes are compartmentalized and form chromo-
some territories (2,37). We include the effect of compartmentalization in
the Langevin equation by introducing a first-order correction term of the
external force function as

(v(n) < £(n)) = —an. (6)

This equation indicates that a sphere experiences a large opposite force with
a magnitude proportional to the contour length of the trajectory from the
initial position. To fit the experimental data, it was sufficient to include
only the first correction term. By applying Eq. 6 and the boundary condition
in which the mean-square, end-to-end distance is equal to zero at the initial
position, Eq. 4 becomes

R(n)2 — é (2b2 + 2?0()” _ g n2 _|_£ (1 _ effn) (7)

where c is an arbitrary constant that is not fixed because the slope of the dis-
tance is not equal to zero at the initial position. This equation shows that the
mean-square end-to-end distance depends on three components:

1. A normal component, which is linearly proportional to the genomic
length, describes the normal dependence of the end-to-end distance of
the polymer chain length similar to the distance pattern appeared in
the random-walk motion;

F(ni+m) +F(n +n) — F(n) — F(n +n + ny)
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2. A constriction component, which is proportional to the square of the
genomic length, originates from the compartmentalization effect and de-
termines the long tail in the contact frequency curve; and

3. A chain-persistence component that relaxes the directionality in deter-
mining the next position.

Langevin equation for the chromosome
conformation model

Based on the random motion of a sphere under the spatial constraint of
compartmentalization, Eq. 7 was derived. This ideal model ignores several
real properties of chromosomes such as the entropic repulsion between
spheres and various chromatin-looping mechanisms. Such real properties
have been considered by introducing a scaling exponent (23,36,38). Here,
we also adjust the model by adding the scaling exponent v to Eq. 7 in an
ad hoc manner, and we next apply the result to Eq. 1 to obtain the segment
activity as a function of segment size:

F(n) = oin® —eon™ ™ +¢5(1 — ™)

2k b + 2k k k )
with ¢; = w, = l—a, and ¢; = I—C.

£ £ £

This equation returns to Eq. 7 when a chromosome conformation follows
the random-walk motion, where the scaling exponent is equal to 0.5. This
model describes the relationship between the segment activity and the
segment size by assuming that the segment activity is proportional to the
segment’s surface area. Due to the use of the scaling exponent, the explicit
relationship between the proportional constants in Eq. 8 may change.

Contact frequency from segment activity function

In general, segment activity increases with increasing segment size. An
equation is derived to convert the segment activity function into the contact
frequency. Let us assume that there are three consecutive segments, s, s;,
and sy, with sizes n;, n;, and n, respectively. The contact frequency C(n;;s;,
si) between two segments s; and s that are separated by a genomic distance
n; can be derived from the segment activity function by the following
methods.

The contact frequency between two neighboring segments s; and s; can be
described as

F(ni+mn) = F(n) +F(n) =2C(0;50,5) 9

where the contact frequency between two individual segments reduces the
segment activity of a combined segment, F(n; + n;), compared to a sum of
individual segment activities. This equation can be easily extended to eval-
uate the contact frequency with a certain genomic gap:

F(ni +n+ nk) = F(n;) —&-F(n_,-) + F(ny)

10
—2C(0;55,57) — 2C (0555, 5¢) — 2C (ny5 51, 5¢) (10

By combining Eqgs. 9 and 10, the contact frequency for two segments with a
certain genomic gap is derived as

C(n/;s,-,sk) =
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Physical Origin of the Contact Frequency

This conversion from a segment activity to a contact frequency function can
be further clarified by substituting n; with the average genomic distance be-
tween two segments s; and sy as

1789

Contact frequency and segment activity

The genomes were divided into many labeled segments for error reduction
and computational efficiency. The contact frequencies between segments

n; — ny n; — n n; + ny n; + ny
Flg—— F —— || -Flg————| - F —
N e Al e ot G A (e )

C(g§Si,Sk) =

n; ny

=——"—F"(g), with g = nj +

2

where g denotes the average genomic distance between two segments. From
Eq. 12, we find that the contact frequency approaches to a quantity
including a second derivative of the segment activity function as the
genomic distance increases. This equation shows that the contact frequency
is determined not only by the magnitude but also by the curvature of the
segment activity curve.

Chromosome conformation capture

The chromosome conformation capture data for the human and fission yeast
genomes were obtained from other studies (14,15). Kalhor et al. (15) re-
ported 3C-based data for the human genome by applying an improved tech-
nique and suggested a population-based modeling method to build the
genomewide chromosome conformation. Tanizawa et al. (14) studied the
fission yeast genome and found long-range associations between genomic
loci using a 3C-based technique.

The 3C-based data used in this article are available from the National
Center for Biotechnology Information (NCBI, National Institutes of Health,
Bethesda, MD) Sequence Read Archive (SRA) under submission No.
SRA025848 for the human genome and No. SRA020835 for the fission
yeast genome. There are ~49,000,000 paired reads for the human genome
and 79,000,000 paired reads for the yeast genome.

In this work, the paired-end reads of the human genome were filtered in
the following steps:

1. For each paired read, sequences from both sides were separately mapped
to the genome (hg19) using the routine BOWTIE (39) with the option to
allow fewer than three mismatches; the paired read was discarded if the
genomic distance between two locations was <30 kb.

2. There are 825,083 HindIIl restriction sites in the reference human
genome if we regard two restriction sites as a single site when they
are closer than 20 bp. The genomic locations obtained from the previous
step were translated into new coordinates composed of the closest
HindIII restriction site and the offset from that site. We discarded paired
reads for which the offset was >100 bp.

3. The human genome was divided into 57,083 segments; each segment
covered 50 kb of the genomic length. Because each restriction site be-
longs to a particular segment, each paired read gives contact information
between two segments.

The fission yeast genome has 6932 HindIII restriction sites. The genome
was divided into 608 segments, with each segment covering 20 kb. The
paired reads for the fission yeast genome were filtered by following the
above-described method for the human genome with a few differences.

Paired reads were discarded in the following cases:

1. The sequence of a paired read was aligned to multiple positions in the
genome;

2. The offset from the restriction site was not equal to zero; or

3. The genomic distance between two sequences was <20 kb.

After applying the filtering method, 5,800,000 and 1,800,000 paired reads
remained for the human and fission yeast genomes, respectively.

2 (12)
(ni +my)
2 b

were evaluated by counting the paired reads of sequences from 3C-based
experimental data; a higher contact frequency value indicates that two seg-
ments are closer in the nucleus.

Additionally, we suggest the term “segment activity” to denote the total
number of contacts between a genomic segment and all of its surroundings.
The segment activity and contact frequency are closely related to each
other.

Data fitting

Mean segment activities and mean contact frequencies were obtained from
the experimental data. The mean segment activities were fitted using the
NLFit module in the software ORIGIN (OriginLab, Northampton, MA)
with the first two components in Eq. 8. The chain-persistence contribution
was fitted using the mean contact frequencies because its contribution to the
mean segment activity was very small whereas the contribution was large
for the mean contact frequencies.

To fit the chain-persistence component, we used the following method:

—

. The normal and constriction components in the mean segment activities
were converted into contact frequencies using Eq. 12 and were sub-
tracted from the mean contact frequencies.

2. The remainder after subtraction was fitted using the functional form of

the chain-persistence component.

3. The contribution of the chain-persistence component to the mean contact
frequencies was dominant for smaller segment sizes; thus, we used a
segment size of 50 kb for the human genome and 20 kb for the fission
yeast genome to fit the parameters for the chain-persistence contribution.

4. The mean contact frequency between nearest-neighbor segments on the
DNA chain was dominated by the screening criterion for paired reads;
thus, the contact frequency between nearest-neighbor segments was
not used to fit the mean contact frequency curve.

5. When fitting the mean activity curves, we found a discontinuous func-

tion that could not be explained by the three components. The discontin-

uous function was linear with respect to genomic length, was small in
magnitude, and did not contribute to the mean contact frequency curve;
we therefore ignored the function during further analysis.

Physical distance from contact frequency

To verify the relationship between the segment activity and physical dis-
tance, we evaluated physical distances directly from the contact frequency
map of the fission yeast genome using the Langevin equation for the chro-
mosome conformation (LECC) model and compared the evaluated dis-
tances with experimental data. A contact frequency map is obtained from
the yeast genome based on 20-kb segment size, and then normalized by
the iterative correction method to adjust the map to have the equal segment
activity for each genomic segment (30). Physical distances between several
genomic loci in interphase measured by FISH experiment were obtained
from the Tanizawa et al. (14). To obtain a contact frequency between
each pair of genomic loci, we assign a block of genomic segments used

Biophysical Journal 105(8) 1786—-1795
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in the frequency map into each genomic locus, where the segments contain

or partly contain the genomic locus. For each pair of genomic loci, we eval-

uated an average contact frequency over all possible pairs between the

blocks of genomic segments. The obtained contact frequencies were trans-

lated into physical distances by following steps:

1. The contact frequencies are converted into genomic distances using
Eq. 12;

2. The genomic distances are converted into segment activities using Eq. 8;
and

3. The segment activities are converted into physical distances by using

13)

where H denotes a unit separation between genomic segments.

Here, we use 20 kb as the unit separation, which corresponds to the phys-
ical distance between the nearest genomic segments along single
chromatids.

RESULTS
Mean segment activity

The human and fission yeast genomes are sectored into
many sequentially labeled segments for analysis. Each
segment is in contact with its surroundings, including other
segments, nucleoli, the nuclear membrane, etc. Segment
activities are evaluated by counting the total number of con-
tacts of a segment with surrounding genomic segments.
Thus, a segment with a larger size has a larger segment ac-
tivity on average. In Fig. 2, the mean segment activities are
plotted according to the size of the segment. The segment
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FIGURE 2 Mean segment activity curve and its components. Mean
segment activities from experimental data are plotted (open circles), and
the fitting curves are plotted (solid lines) for the human (A) and fission yeast
(B) genomes. The three components of the mean segment activity curve are
plotted separately according to segment size for the human (C) and fission
yeast (D) genomes. The contribution shown is the percent contribution of
each component to the mean segment activity for a certain segment size.
Experimental data are obtained from Tanizawa et al. (14) and Kalhor
et al. (15).
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activity curve shows a simple and smooth increase with
the size.

The mean segment activity curves were fitted with a co-
efficient of determination (R?) of 1.000 for both the human
genome and the fission yeast genome. The magnitude of the
segment activity is mainly determined by the normal
component. The constriction component reduces the
segment activity, and the magnitude of the component in-
creases as the segment size increases. Overall, segment
activity increases with segment size, but its second deriva-
tive is negative; this observation coincides with the fact
that the physical distance between segments becomes satu-
rated as the genomic distance increases (23,38). This nega-
tive value for the second derivative is related to the
compartmentalization: a segment with a larger size has a
greater probability of experiencing self-contact and contact
with the nuclear periphery, reducing segment activity (41).

The scaling exponent in Eq. 8 is a parameter to describe the
folding state of the chromosomes. A more compact structure
has a smaller scaling exponent. For example, the scaling
exponent is 0.333 for a globular state and 0.5 for a random-
walk polymer. We obtained scaling exponents of 0.443 and
0.483 for the human genome and fission yeast genome,
respectively. From these values, we find that both genomes
form a more compact structure in comparison to the
random-walk structure, and the degree of compaction is
larger in the human genome than in the fission yeast genome.

Mean contact frequency

The contact frequency between two segments decreases as
their genomic distance increases. Mean contact frequencies
are obtained from the experimental data and plotted as cir-
cles in Fig. 3, where a monotonically decreasing pattern is
shown, as expected. The mean contact frequency curves
are derived analytically from mean segment activity curves
using Eq. 12. Pearson’s correlation coefficients are 0.9996
for 50-kb segment size of the human genome and 0.9994
for 20-kb segment size of the yeast genome. Because the
segment activity curve consists of three components, the
mean contact frequency curve is also composed of three
components: normal, constriction, and chain-persistence.
As the genomic distance increases, both the normal and
the chain-persistence components decrease whereas the
constriction component increases, as illustrated in Fig. 1 B.
In Table 1, the sign of the proportional parameter c3 is
positive for the fission yeast genome whereas it is negative
for the human genome, indicating that the chain-persistence
component reduces the contact frequency for the human
genome, although it increases the contact frequency for
the yeast genome, as shown in Fig. 3. The number of mono-
mers per persistence length is obtained by fitting the chain-
persistence portion in the mean contact frequency curves.
The fission yeast genome has a persistence length approxi-
mately twofold longer than that of the human genome.
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FIGURE 3 Mean contact frequency curve and its components. Mean
contact frequencies from experimental data are plotted (open circles) for
the human (A) and fission yeast (B) genomes. The segment sizes are
50 kb for the human genome and 20 kb for the fission yeast genome.
Mean contact frequency curves are evaluated from mean segment activity
curves and are plotted (thick solid lines). Similar to the mean segment activity
curve, a mean contact frequency curve is composed of three components.
(Thin solid lines) Chain-persistence components; (dotted lines) the other
components. Here, we did not plot the nearest-neighbor points because
they included a large error that originated from experimental limitation.

Physical distance from contact frequency

In the LECC model, we assume that a segment activity is
proportional to the mean-square end-to-end distance and
suggest an equation for the relationship between the
segment activity and the contact frequency. To confirm the
LECC model, physical distances from experimental data
are compared to the corresponding distances derived from
contact frequencies. In Fig. 4, the two quantities show a
good correlation with 0.902 of Pearson’s correlation coeffi-
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FIGURE 4 Physical distance and contact frequency. Experimental data
on the physical distances between pairs of genomic loci were obtained
from Tanizawa et al. (14). The physical distances corresponding to the
experimental data are derived from contact frequencies and plotted (solid
circles) according to the experimental data. The unit of the vertical axis
is the average length of a 20-kb genomic segment. A linear fitting line is
shown (solid line).

cient. From the slope of the fitting line, a 20-kb genomic
sphere requires 320—400 bp for 1-nm spatial movement in
the fission yeast genome, which is three times larger than
that for the budding yeast genome (110-150 bp/nm) (42).

Segment size effect

For various segment sizes, we evaluate the mean contact fre-
quencies from the experimental data and then derive the
same quantities directly from the mean segment activity
curves using Eq. 12. For each genome, the parameters ob-
tained by fitting both the mean segment activity curve and
the mean contact frequency curve with the minimum
segment size were used to generate other mean contact fre-
quency curves with larger segment sizes. In Fig. 5, the mean
contact frequencies from the experimental data are plotted
as open circles and those derived from the mean segment ac-
tivity curves are depicted as solid lines for the human and
yeast genomes. Pearson’s correlation coefficients range
from 0.9981 to 0.9994 for the human genome and range
from 0.9933 to 0.9991 for the yeast genome. The conversion
accurately predicted the experimental data, indicating the
validity of the LECC model. The mean contact frequencies
between the nearest neighbors are consistently lower than

TABLE 1 Parameters used in fitting the mean segment activity curves

Genome Cut" (kb) v P (= 1/¢, kb) % (1 x 107%kb) 3 (kb) R

Human 30 0.4428 + 0.0006" 55.58 = 2.36 1.35 = 0.06 —-3.29 £ 0.16 0.99991 =+ 0.00001
50 0.4429 = 0.0007 55.16 = 3.22 1.35 = 0.03 —3.26 = 0.21 0.99991 =+ 0.00001

Yeast 20 0.4836 = 0.0016 93.03 = 4.20 857 £ 14 6.17 = 0.94 0.99977 + 0.00003
50 0.4857 = 0.0011 98.87 = 4.70 87.0 = 0.7 7.61 = 0.84 0.99977 = 0.00003

“Denotes the sequence separation criterion for removing paired reads.

"Denotes the number of monomers per persistence length, which is one-half of the Kuhn length.
“Denotes the standard deviation, which was evaluated from the parameters obtained from five equally divided experimental data sets.

“Denotes fitting parameters for Eq. 8 normalized by c;.
“Denotes adjusted R-square values.
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FIGURE 5 Mean contact frequency curves according to segment size.
Mean contact frequencies are calculated from experimental data according
to the segment size and are plotted (open circles) for the human (A) and
fission yeast (B) genomes. The mean contact frequency curves for various
segment sizes are extracted from a mean segment activity curve for each
genome and plotted (solid lines). Segment sizes are denoted on each line.

the expected value due to the removal of paired reads with a
genomic distance cutoff during the course of the preparation
of the contact frequencies from the experimental data.

For various segment sizes, the relative contributions of
the three components to the mean contact frequency curves
are shown in Fig. 6. For the segment sizes >500 kb in the
human genome, the overall shape of the mean contact fre-
quency curve is primarily determined by the normal compo-
nent, and the overall contribution of the other components is
<25%. For the sizes <50 kb, the contribution of the chain-
persistence component is comparable to the contribution of
the normal component because of the large curvature of the
chain-persistence curve. For the size of 200 kb, the contribu-
tion of the constriction component in the human genome is
<5% whereas the contribution in the fission yeast genome is
~90%. The rapid growth of the constriction component in
the fission yeast genome is related to both the small nucleus
size and the large surface contact between the chromosome
and the nuclear periphery.

DISCUSSION

In this study, we suggested the use of the LECC model to
help us understand the physical origin of the contact fre-
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FIGURE 6 Contribution of the three components to the mean contact fre-
quency curves according to segment size. For various segment sizes, the
contributions of the components of the mean contact frequency curves
are plotted (open circles). (A, C, and E) Component plots of the human
genome; (B, D, and F) component plots of the fission yeast genome.

quency. The primary assumption of the model is that the to-
tal number of contacts between a target segment and all of
the surrounding segments is linearly proportional to the
exposed surface area of the segment. In the model, we
regarded a chromosome as a polymer composed of consec-
utive segments, and altered our representation of consecu-
tive segments into a trajectory of a segment over time. We
successfully derived this model from the Langevin equation,
which we then applied to derive the physical distance be-
tween segments. An exact equation for converting the
mean segment activity into a mean contact frequency was
also presented. The model accurately fit both the mean con-
tact frequencies and the mean segment activities obtained
from chromosome conformation capture data. From the
model, we established the relationship between the contact
frequency and the physical distance between genomic loci.

The scaling exponent used in Eq. 8 is determined by the
folding properties in the polymer models. Using the random
loop model, Mateos-Langerak et al. (23) demonstrated that
the scaling exponent is related to the looping probability
such that more frequent loops between genomic loci reduce
the scaling exponent. We obtain a smaller scaling exponent
for the human genome than for the fission yeast genome,
indicating that the human genome forms more loops than
the fission yeast genome. We also obtain Kuhn lengths for
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both genomes from the chain-persistence component. The
number of monomers per Kuhn length in the human genome
is 110 kb, which is fivefold larger than that of the chromatin
fibers reported in a previous study (which ranged from 14 to
46 kb) (43). Because the Kuhn length obtained in our model
is related to the spatial movement of the genomic segments,
the length is different from the ordinary Kuhn length of the
chromatin fibers. The chromatin fibers of mice at meiotic
prophase were found to form small loops of <200 kb
(44). The measure 110 kb is close to the size of chromatin
loops in interphase chromosomes and is also a low-fre-
quency rhythm of GC content along the genome (45-47).
The loop size was used to simulate human chromosomal
characteristics in the MLS model (27). The 110-kb genomic
length from the chain-persistence component lowers the
contact frequency of the human genome compared to the
overall contact frequency pattern, supporting existence of
small loops in the MLS model in the interphase chromo-
some because contact probability between genomic loci in
the same loop will be low. The Kuhn length of the yeast
genome is estimated to be twofold longer than that of the hu-
man genome.

In the reported biphasic relationship of physical distance
between genomic loci, the mean-square end-to-end distance
between segments of Gy/G-phase human nuclei followed
the random coil model in the range from zero to 2.0 Mb
with the scaling exponent close to (.5; the distance followed
the fractal globule model in the region >10 Mb with an
exponent of ~0.33 (25,26). In our model, both the low
contribution of the constriction component and the large
contribution of the chain-persistence component increase
the scaling exponent of the human genome to approach
the random-walk model at a small genomic distance region,
whereas the large contribution of the constriction compo-
nent at the large genomic distance region decreases the
scaling exponent to approach the fractal globule model.
Another characteristic of chromosome conformation is the
relationship between the contact frequency and the genomic
distance. The scaling exponent of the relationship was
experimentally measured to be —1.08 (11,25). We find
that the relationship between the contact frequency and
genomic distance changes according to the used segment
size. For the 1-Mb segment size, the dominant component
for the mean contact frequency curve in the human genome
is the normal component. Based on the equation stating that
the mean contact frequency can be approximated to the sec-
ond derivative of the mean segment activity function, the
scaling exponent is approximately equal to 2v — 2 (—1.1
for the human genome), which coincides with the experi-
mental value.

The contribution of the chain-persistence component to
the contact frequencies increases for smaller segment sizes.
This contribution is comparable to that of the normal
component for small segment sizes. In the wormlike chain
model, the contribution always decreases the mean-square
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end-to-end distance, which reduces the contact frequencies,
because the direction of the contribution is fixed by the addi-
tional boundary condition requiring that the first derivative
of the square distance be equal to zero at an initial position
(36). However, in our model, the direction of the contribu-
tion varies with species. The component in the yeast genome
increases the contact frequency whereas this component de-
creases the contact frequency in the human genome.

In our model, each segment in a chromosome experiences
a force that draws both ends of the segment closer together.
This force shortens the physical distance between segments
with a long genomic distance and is assumed to be caused
by chromosome compartmentalization. The proportional
constant representing the force in the human genome is
orders-of-magnitude lower than in the fission yeast genome,
which coincides with the fact that the segments in the fission
yeast genome are confined to a smaller space than those in
the human genome (a nucleus radius of 5 um for the human
genome (15) and 0.71 um for fission yeast (14)).

We compared experimentally measured physical dis-
tances between genomic loci with the distances derived
from contact frequencies using the LECC model. Two quan-
tities show a good correlation, indicating that the LECC
model properly captures the characteristics of chromosome
conformation. The line density of the fission yeast genome
is three times larger than that of the budding yeast genome.

There are two possible reasons for the difference:

1. Chromosomes of the fission yeast are confined in a small
nucleus compared to the budding yeast, and

2. We used 20-kb genomic distance for measuring the den-
sity, which increases the line density of the fission yeast
chromatids because average density increases as the
genomic length increases.

The agreement of the LECC model with the experimental
results supports the hypothesis that the physical concept
used in this model is valid. In the large-scale chromosomal
organization, we found that the mean contact frequency
curve consists of three components: normal, constriction,
and chain-persistence. We suggested a physical origin for
each component. The normal component is related to the
normal folding characteristics of chromatin and is similar
to a random-walk motion without an external force. The
constriction component arises from compartmentalization
and reduces the physical distance between the segments.
The chain-persistence component is related to the properties
of the contact between closely located segments and forma-
tion of small chromatin loops.

Furthermore, we suggested a method for converting the
segment activities into contact frequencies. The conversion
was accomplished using an exact equation, which was
applied to evaluate contact frequencies between segments
of various sizes. The model successfully explained the
experimentally verified relations: the biphasic relation of
the mean-square end-to-end distance, the segment activity,
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and the contact frequency as a function of genomic distance
(11,26).

Additionally, the physical distances derived from contact
frequencies have a good correlation with those from exper-
iment. Interestingly, the LECC model was developed based
on the assumption that the contact frequency is proportional
to the contact surface area, not the contact volume, which
was suggested in the fractal globule model (25). Under-
standing the physical origins of the contact frequency will
provide a rational way to normalize the contact frequency
map, which determines both the quality of long-range inter-
actions revealed by chromosome conformation capture data
and the quality of further analysis for assembling a three-
dimensional structure of the genome inside a nucleus.
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