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Size-Dependent Positioning of Human Chromosomes in

Interphase Nuclei

Hui Bin Sun, Jin Shen, and Hiroki Yokota

Biomedical Engineering Program, Indiana University Purdue University at Indianapolis, Indianapolis, Indiana 46202 USA

ABSTRACT By using a fluorescence in situ hybridization technique we revealed that for nine different g-arm telomere
markers the positioning of chromosomes in human G, interphase nuclei was chromosome size-dependent. The g-arm
telomeres of large chromosomes are more peripherally located than telomeres on small chromosomes. This highly organized
arrangement of chromatin within the human nucleus was discovered by determining the x and y coordinates of the
hybridization sites and calculating the root-mean-square radial distance to the nuclear centers in human fibroblasts. We
demonstrate here that global organization within the G, interphase nucleus is affected by one of the most fundamental
physical quantities—chromosome size or mass—and propose two biophysical models, a volume exclusion model and a

mitotic preset model, to explain our finding.

INTRODUCTION

Eukaryotic chromosomes, each composed of a linear DNA
molecule and DNA-binding proteins, are confined within
the nucleus. A human nucleus is ~10 wm in diameter and
contains 46 chromosomes consisting of ~2 m of DNA in
total. In the late 19th century biologists raised the question
as to how well chromosomes are organized inside each
nucleus (Rabl, 1885). The anatomy of a mammalian inter-
phase nucleus, especially at G, interphase where chromo-
somes are de-condensed and many genes are actively tran-
scribed, has been found to be a partially organized mixture
(Gasser and Laemmli, 1987; Manuelidis, 1990; Haaf and
Schmid, 1991; Cook, 1995; Spector, 1996). An individual
chromosome is locally confined, occupying a discrete space
often called a chromosome domain or chromosome territory
(Lichter et al., 1988; Pinkel et al., 1988). Each chromosome
domain or territory is irregularly shaped and largely immo-
bile at the submicron level (Abney et al., 1997; Marshall et
al.,, 1997). We have shown previously that the relative
positioning of sister chromosomes in a pair of daughter cells
is correlated with each other (Sun and Yokota, 1999). De-
spite these organizational features, large variations in the
anatomy of the mammalian nucleus exist from one cell to
another, unlike the orderly aligned chromosomes observed
in Drosophila embryos (Hiraoka et al., 1990; Fung et al.,
1998).

In this study we examined the chromosomal organization
of the mammalian nucleus to see if any order would emerge
from a seemingly random positioning of chromosomes. Our
working hypothesis was a size-dependent positioning of
chromosomes based on the following observation and rea-
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soning. Because of a volume exclusion among irregularly
shaped chromosomes, the positioning of any particular re-
gion of chromosomes would exhibit a wide variation in a
population of cells. This positional variation could be mod-
eled by using an inertial parameter such as chromosome size
because the excluded volume should be correlated to chro-
mosome size. Alternatively, because the divisional segrega-
tion of chromosomes is, at least in part, a regulated process
mediated by microtubule and nuclear matrix-associated pro-
teins, the wide positional variation could result from a
geometric configuration of chromosomes at mitosis. Mitotic
chromosomes are configured in a wheel-like rosette and all
centromeres are clustered inside the rosette. Internal posi-
tioning of small chromosomes during mitosis would main-
tain their central localization in G, interphase nuclei. Hu-
man chromosomes were originally labeled according to
their approximate DNA content. Chromosome 1 is esti-
mated to consist of 263 megabase (Mb) pairs of nucleotides
and is approximately five times longer, and therefore five-
fold more massive, than chromosome 21 (Morton, 1991).
We postulated that significant differences in size (and there-
fore mass) among human chromosomes would allow us to
examine a size-dependent distribution of chromosomes
within the G, interphase nucleus.

Fluorescence in situ hybridization provides a powerful
tool for visualizing the localization of specific regions of
chromosomes within G, interphase nuclei (Rappold et al.,
1984; Emmerich et al., 1989; Popp et al., 1990; Hofers et
al., 1993a, b; Chandley et al., 1996). The location of specific
chromosomal sites can be detected in whole mounts of
fibroblast cells by direct microscopic examination. In this
report nine unique DNA probes, each corresponding to a
specific subtelomeric region of a different g-arm, were used
to establish the position of related chromosomes inside the
G, nucleus. Because chromosomes are organized as par-
tially de-condensed flexible polymers at G, interphase, any
single measurement could not be used to accurately reveal a
physical principle underlying chromosome positioning. A
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statistical approach was therefore undertaken. Radial dis-
tances (from the center of the nucleus to the hybridization
site of the DNA probe on a plane) were measured, and the
root-mean-square (rms) radial distance was determined.
Each of the nine probes used herein marked a subtelomeric
region on a different chromosome g-arm. Although chro-
mosome painting probes could show the global positioning
of chromosome domain, these specific probes in this study
facilitated to define radial distances.

We demonstrate here that the g-arm telomeres on large
chromosomes are more peripherally located than telomeres
on small chromosomes, and that there exists a chromosome-
size dependence for positioning in the human fibroblast G,
interphase nucleus. The observed nuclear organization al-
lowed us to propose two biophysical models that include a
volume exclusion model and a mitotic preset model. The
strengths and weaknesses of each model are evaluated in the
Discussion.

MATERIALS AND METHODS
Cell preparation

Normal human fibroblasts from a male (HLF-CCLI135, approximately
passage 5; American Type Culture Collection, Rockville, MD) were grown
on coverslips to 90-95% confluency in MEM supplemented with 20%
fetal calf serum. Cells were then cross-linked by paraformaldehyde as
described previously without freezing or thawing (Popp et al., 1990;
Yokota et al., 1997). In brief, fibroblasts were rinsed in PBS (154 mM
NaCl, 4 mM MgCl,, 2.7 mM Na,HPO,, and 1.5 mM KH,PO,, pH 7.2) and
fixed in 3% paraformaldehyde in PBS for 5 min at 25°C. The fixed cells
were exposed to 0.01% Triton X for 10 min and 0.1 M Tris-HCl (pH 7.2)
for 2 min, and equilibrated in 20% glycerol in PBS for 20 min. The cells
were used immediately or stored in PBS containing 0.04% sodium azide at
4°C for up to two weeks. Although the fixation process used in this study
is considered to preserve the cellular structure, the results are subject to
perturbation by the fixation step.

Fluorescence in situ hybridization

Nine commercially available telomeric DNA probes that specifically label
the g-arm termini of chromosomes 1, 2, 3, 7, 11, 12, 18, 19, and 21 were
obtained (TelVysion telomere DNA probes, Vysis, Downers Grove, IL).
Each of these telomeric probes contains chromosome-specific subtelomeric
DNA sequences estimated to be located within 300 kb of the end of the
chromosome (Reithman et al., 1989; National Institutes of Health and
IMMC, 1996). Among nine chromosomes, chromosome 21 contains the
nucleolus organizer region.

Fixed cells on coverslips were denatured at 90°C in 70% formamide/
2XSSC for 5 min and quenched in cold 70% formamide/2XSSC. A 10 ul
aliquot of hybridization mixture containing 0.5 ul spectrum orange-labeled
DNA probe was applied to the denatured cells on the coverslip and
incubated overnight. Hybridized nuclei were washed in 50% formamide/
2XSSC for 20 min followed by in 2XSSC for 20 min. Nuclei were
counterstained with 2 uM 4',6-diamidino-2-phenylindole (DAPI) in an
antifade solution containing 90% glycerol and 1 pg/ul phenyldiamine.

Determination of radial distance

Flat fibroblast nuclei were viewed using a cooled CCD camera (Pentamax,
Princeton Instruments, Trenton, NJ) mounted on a Nikon Diaphot 300
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fluorescence microscope (Fryer Co., Huntley, IL) with 100 X 1.4 NA Plan
Apo oil objective. Spectrum orange signals were detected by a band-pass
filter designed for detecting Texas Red (ChromaTechnology, VT). Ran-
domly selected nuclei were imaged using the Metamorph imaging software
(version 3.0, Universal Imaging, West Chester, PA). From a single nucleus
a pair of radial distances between the nuclear center and hybridization sites
of telomeric probes were measured on the projected focal plane. The center
of a nucleus was determined as a midpoint on the major axis that passed
through the longest axis of the nucleus (Fig. 1 B). The positioning of
chromosomes was referred to the center of a nucleus defined on the
projected plane. Rms distances were calculated together with standard
deviation and standard error of the mean (SEM) from an average of 53
nuclei (range: 45-66). In order to estimate errors associated with the
measurements, we measured R,, R,, 0,, and 6, twice using a probe
corresponding to the centromeric region of chromosome 1, and indepen-
dently determined their mean value. The error, defined by 2(m, — m,)/
(m, + m,), where m;, = mean value from the first measurement and m, =
mean value from the second measurement, was 1.6%, 1.1%, 0.8%, and
0.8% for R, R,, 0,, and 0,, respectively.

Monte Carlo simulation

In order to simulate a uniform distribution whereby any chromosome is
evenly placed in a nucleus, a numerical simulation was performed using the
Monte Carlo method. We modeled the shape of a fibroblast nucleus as an
ellipsoid. The major and the minor axes of the ellipsoid were defined by the
mean nucleus dimension of the fibroblast cells used in the experiment. In
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FIGURE 1 Typical fibroblast nucleus used in the study. (4) Fibroblast
nucleus labeled with a DNA probe marking a subtelomeric region of the
chromosome 1 g-arm (counterstained with DAPI). (B) Trace image of (4)
where R, and R, are defined as radial distances, and 6, and 6, are defined
as radial angles between 0 and 90°. The x and y coordinates were calculated
as R; cos 6; and R; sin 6, (i = 1, 2), respectively. Bar = 10 um.
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the simulation two positions were randomly chosen corresponding to a
homologous pair of hybridization sites within the ellipsoid. Rms radial
distance was determined from 100,000 randomly assigned points. Because
all distances were determined on the xy-plane, any non-zero value of
nuclear thickness yielded the same rms distances in the Monte Carlo
analysis.

RESULTS

Fibroblast nuclei were gently fixed with a cross-linker to
better preserve three-dimensional nuclear structure for the
resolution desired for this study. The majority of nuclei
were determined to be in G, interphase based on the diploid
number of hybridization signals. The nuclei were shaped
like flattened ellipsoids and their mean shape was measured
as a major axis of 32.2 = 4.7 um and a minor axis of 18.0 =
1.9 pum (average of 111 nuclei). A typical nucleus hybrid-
ized with a probe marking the g-arm of chromosome 1
(counterstained with DAPI) is illustrated in Fig. 1. The
nuclei of fibroblasts are well suited for the two-dimensional
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analysis because cells are flattened against the surface of the
culture flask during interphase, and the nucleus appears
nearly two-dimensional.

Cumulative hybridization sites exhibited a
chromosome size-dependent pattern

To search for a general pattern of the positioning of chro-
mosomes all hybridization sites were simultaneously plotted
in one quadrant of the mean-sized nucleus for representative
DNA probes (e.g., chromosomes 1, 2, 11, 12, 19, and 21)
(Fig. 2, A-F). Clearly no chromosome showed a fixed
localization pattern. However, there existed a chromosome
size-dependent pattern of hybridization sites. In Fig. 2, the
radius of the dotted quarter circle corresponds to the median
of radial distances, where 50% of hybridization sites are
located inside this circle and the other 50% outside the
circle. The hybridization sites for large chromosomes (chro-
mosomes | and 2) were scattered throughout the quadrant,

(B) chromosome 2
a

FIGURE 2 Cumulative plots of hybridization
sites. All hybridization sites are plotted in a
quadrant of the nucleus (16.1 um X 9.0 um).

The dotted circle with radius equal to median —_
value is illustrated where 50% of hybridization £
sites are located inside this circle. (4) Chromo- =2
some 1 hybridization sites (90 sites with median -«
of 8.99 um). (B) Chromosome 2 hybridization é
sites (132 sites with median of 7.46 um). (C) 5
Chromosome 11 hybridization sites (94 sites <
with median of 6.86 um). (D) Chromosome 12 E
hybridization sites (104 sites with median of 6.86
pm). (E) Chromosome 19 hybridization sites
(102 sites with median of 5.33 wm). (F) Chro-
mosome 21 hybridization sites (100 sites with
median of 3.31 wm).
E
2
R
S
g
E
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Biophysical Journal 79(1) 184-190

major axis (um)



Chromosome Positioning in Human Interphase Nuclei

while the sites for intermediate-sized chromosomes (chro-
mosomes 11 and 12) were shifted toward the mid-nuclear
region with few sites near the periphery. Furthermore, the
sites for small chromosomes (chromosomes 19 and 21)
were more clustered near the center of the nucleus than
other chromosomes. The median radial distances were de-
termined as 8.99, 7.46, 6.86, 6.86, 5.33, and 3.31 wm for
chromosomes 1, 2, 11, 12, 19, and 21, respectively.

Rms radial distances were significantly smaller
for g-arm probes of smaller chromosomes than
for larger chromosomes

In order to quantify the chromosome size-dependent pattern of hybridiza-
tion sites, the rms radial distances were plotted as a function of their
cognate chromosome size, which ranged in size from 50 Mb (chromosome
21) to 263 Mb (chromosome 1) (Fig. 3 4). Chromosome 1’s rms value was
9.6 £ 3.0 um (n = 90), 2.1 times longer than that of chromosome 21
(4.5 = 2.2 um; n = 100). A positive correlation exists, therefore, between
rms radial distance and chromosome size, with 7* = 0.79 (» = correlation
coefficient). Rms radial distances were also positively correlated to their
size of g-arm (correlation coefficient of 7> = 0.73) (Fig. 3 B). Using the
Monte Carlo method, the hypothetical rms radial distance was simulated
where a particular chromosome was evenly positioned at an equal fre-
quency in any part of the nucleus. This simulated rms radial distance was
8.2 £ 3.3 um (n = 100,000), close to the rms value of 8.1 = 3.0 wm for
chromosome 3.

Size and shape parameters of Weibull
distributions best-fitted to radial distance
distributions were chromosome size-dependent

Statistical variations of the chromosome size-dependent po-
sitioning of the G, interphase chromosomes were charac-
terized. The distribution of radial distances was approxi-
mated by a Weibull distribution and two statistical
parameters in the Weibull distribution, best-fitted to the
fluorescence in situ hybridization results, were analyzed.
Defining R as radial distance, the Weibull distribution func-
tion is defined as 1 — exp{—(R/B)*} with two statistical
parameters: « (shape parameter) and 8 (scale parameter). In

FIGURE 3 The relationship of rms radial dis- 10 A
tance to chromosome size and g-arm size. Rms
radial distance for probes marking a subtelo-
meric region of gq-arm on chromosomes 1, 2, 3,
7,11, 12, 18, 19, and 21 are plotted as a function
of chromosome size and g-arm size. Each data
point represents an average of 106 radial dis-
tance measurements (range: 90—132) with stan-
dard error of the mean (SEM) of 0.22—0.32. The
number next to the data point indicates the chro-
mosome identification number. (4) Rms radial
distance and chromosome size. The dashed line

r.m.s. radial distance (um)
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general, a small a value makes the shape of the probability
density function scattered, while a small 8 value decreases
mean and median values. The Weibull distribution is a
general form of the Rayleigh distribution (« = 2; two-
dimensional Gaussian) that is used to characterize the ran-
dom feature of interphase chromatin structure (Sachs et al.,
1995; Yokota et al., 1995). For the distribution of radial
distances in this study, a values varied depending on
chromosomes.

Fig. 4, A and B illustrate two representative histograms
corresponding to DNA probes marking the g-arm of chro-
mosomes 1 and 21, respectively. The hypothetical histo-
gram corresponding to the uniform distribution simulated
by the Monte Carlo method is illustrated by dotted bars. The
distribution of the chromosome 1 g-arm was skewed toward
longer distances. The distribution of the chromosome 21
g-arm, in contrast, was skewed toward shorter distances.

The radial distance distributions obtained by fluorescence
in situ hybridization were well-approximated by the
Weibull distribution with 7 = 0.995-0.999 (r, correlation
coefficient). Fig. 4 C illustrates distribution functions of
chromosomes 1, 11, and 21 together with the hypothetical
uniform distribution. Shape and size parameters in the
Weibull distributions were positively correlated to chromo-
some size (Fig. 4 D). The value of « ranged from 1.7
(chromosome 21) to 3.3 (chromosome 1), while the value of
B ranged from 4.5 (chromosome 21) to 10.1 (chromosome
1). Thus, the statistical variations of radial distances are also
chromosome size-dependent. Large chromosomes (e.g.,
chromosomes 1 and 2) have a larger-scaled, narrower-
shaped distribution than small chromosomes (e.g., chromo-
somes 19 and 21).

DISCUSSION

This study reveals that human chromosomes are positioned
in G, interphase nuclei according to size. This was estab-
lished by determining rms radial distances as well as two
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distance and g-arm size. The dashed line is the
best-fit linear regression line with > = 0.75.
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tributions. (4) Histogram of radial distance for 2 0

chromosome 1 g-arm (90 hybridization sites).
The dotted histogram corresponds to the uni-
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form distribution simulated by the Monte 0 4
Carlo method. (B) Histogram of radial distance
for chromosome 21 g-arm (100 hybridization
sites). The dotted histogram is the same as (4).
(C) Weibull approximation of radial distribu-
tions for chromosomes 1, 11, 21, and the uni-
form distribution obtained by the Monte Carlo
simulation. Median is estimated as B(In 2)"*.
(D) Statistical parameters (a and B) in the
Weibull approximation as a function of chro-
mosome size. The open circle represents «
(shape parameter) and the filled circle shows 3
(size parameter). The dashed and dotted lines
indicate « and B for the uniform distribution.
The best-fit linear regression gave an 7> value
of 0.83 for « and 0.82 for B. F
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statistical parameters in the best-fitted Weibull distribution.
Using gently fixed fibroblast nuclei and nine DNA probes,
each of which marks the tip of a chromosome’s g-arm,
quantitative data were collected. The statistical analysis
validated the conclusion that size and position are corre-
lated. Smaller chromosomes such as chromosomes 19 and
21 are more centrally positioned with respect to the center
of a nucleus on the projected plane than the gq-arms on larger
chromosomes, such as chromosomes 1 and 2. Although
telomeric probes represent only a small region of a chro-
mosome, the positioning data are striking. A chromosome
size-dependent positioning has also been observed using
other non-telomeric probes located on chromosomes 4, 5, 7,
8, 14, 17, 19, 20, and X in human lymphoblast cells and
fibroblast cells (H.Y., unpublished data). The central posi-
tioning of chromosome 21 can be explained by the posi-
tioning of the nucleolus. A nucleolus is a specialized struc-
ture for the synthesis of ribosomal RNAs. In the human
nucleus, it is formed from chromosomes 13, 14, 15, 21, and
22. These chromosomes contain a nucleolus organizer re-
gion, and the organizer regions fuse to form a centrally
located nucleolus in the G, nucleus. Therefore, the central
positioning of these relatively small chromosomes (mean *
SD = 87 = 31 Mb) may result from an active transport for
the formation of a nucleolus on the nuclear center. How-
ever, even without nucleolus organizer chromosomes, there
existed a clear chromosome size-dependence (> = 0.79
including the chromosome 21 data and 7* = 0.83 excluding
the chromosome 21 data in Fig. 3 4).
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Two biophysical models, i.e., a volume-exclusion model
and a mitotic preset model, are proposed to account for the
observed chromosome size-dependent distribution of hu-
man chromosomes (Fig. 5). Because of its finite, size any
chromosome experiences steric hindrance and has a limited
ability to co-occupy the primary domain of another chro-
mosome. Such an excluded volume effect predicts a non-
uniform, chromosome size-dependent spatial arrangement.
Our ongoing analysis of inter-homolog distances (i.e., dis-
tance between a pair of homologous chromosomes) shows a
positive correlation of rms inter-homolog distances to chro-
mosome size (Sun and Yokota, 1999). This chromosome
size-dependence of inter-homolog distances and the size-
dependence of radial distances are qualitatively consistent
with the volume exclusion model. The steric hindrance
between chromosomes and a nuclear envelope, however,
may qualitatively contradict the observed size-dependence
of radial distances. This steric hindrance to the nuclear
envelope maintains any chromosome inside the nucleus.
Because of a difference in volume, an approach of large
chromosomes to the envelope is more limited than small
chromosomes.

An alternative scheme, i.e., a mitotic preset model, would
explain the fluorescence in situ hybridization observation
based on the positioning of chromosomes in mitosis. In this
model, a centromere provides the size-dependent position-
ing during mitosis. That size-dependence during mitosis
would be maintained during G, interphase. It has previously
been reported that small chromosomes are centrally located
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A Volume Exclusion Model
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B Mitotic Preset Model

configuration
at mitosis

FIGURE 5 A schematic diagram explaining the volume exclusion model and the mitotic preset model. (4) Volume exclusion model. The mean distance
between a pair of chromosome domains is affected by their domain sizes. According to the volume exclusion model, a chromosome size-dependence for
the positioning of chromosomes originates in this differential steric effect among chromosomes. (B) Mitotic preset model. Mitotic chromosomes are
configured as a wheel-shaped rosette. Because centromeres are positioned toward the inside of the rosette, small chromosomes are located centrally and
large chromosomes extend outward. According to the mitotic preset model, the positioning of chromosomes at G, interphase results from the configuration

of chromosomes at mitosis.

on a metaphase plate (Wollenberg et al., 1982; Mosgoller et
al., 1991; Leitch et al., 1994). Centromere-containing mi-
cro-chromosomes have been demonstrated to be situated on
the center of the metaphase plate (Jakobsson et al., 1989),
consistent with the positioning in G, interphase observed in
this report. This model predicts that DNA fragments with-
out centromeres would not obey the size-dependent distri-
bution either at mitosis or G, interphase. Indeed, acentric
double minute chromosomes, despite their small size, have
been reported to be peripherally localized at metaphase
(Levan and Levan, 1978). Many acentric minute chromo-
somes in HeLa cells are also peripherally positioned in the
G, interphase nuclei (H.Y., unpublished data).

In investigating the molecular mechanism behind the
size-dependent positioning, mobility of chromosome do-
mains in the G, interphase nucleus needs to be considered.
Chromosome domains with low mobility favor the mitotic
preset model, because chromosome domains are immobile
and the positioning of chromosomes set in mitosis is pre-
served during the G, interphase. High mobility, in contrast,
is inconsistent with the mitotic preset model, and high
fluidity may facilitate chromosome rearrangement based on
volume exclusion. Previous photobleaching and fluores-
cence-tagging studies indicate that chromosomes in the G,
interphase nucleus are immobile on a large scale, such as
chromosome domains. In photobleaching experiments in-
terphase chromatin was immobile over distances of >0.4
pm, as indicated by small spots bleached by a laser persist-
ing for over an hour (Abney et al., 1997). The study of
tagging specific chromosome sites in living cells has re-
vealed that chromatin is free to undergo substantial Brown-
ian motion, but any given chromatin segment is confined to
a subregion of the nucleus (Marshall et al., 1997). This
immobility of chromosome domains favors the mitotic pre-
set model for the positioning of chromosomes in the G,
interphase nucleus.

Understanding the molecular principles governing the
positioning of chromatin loops or inter-chromosomal do-
mains helps evaluate biophysical models that adequately
describe the size-dependent chromosome positioning ob-
served in this study. Chromatin is modeled to consist of
20-200 kb random-coil loops attached to scaffold associ-
ated regions (Milkovitch et al., 1984; Gerdes et al., 1994) or
megabase-sized giant loops that are attached to a flexible
backbone (Sachs et al., 1995; Yokota et al., 1995). Further-
more, chromatin is considered to be packaged into many
compartments where the space between compartments
forms inter-chromosomal domains (Cremer et al., 1993;
Kurz et al., 1996). Investigating the relationship of these
organized features in chromatin structure to the positioning
of chromosomes is one of our future research areas. In
conclusion, we demonstrate that large-scale organization
within the G, interphase nucleus is affected by the most
fundamental physical quantity—chromosome size or
mass—and that the statistical methods developed in this
report are useful for investigating the physical principle
governing complex cellular organization.
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