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biological functions including gene 
expression and dna repair are 

affected by the 3d architecture of the 
genome, but the underlying mechanisms 
are still unknown. notably, it remains 
unclear to what extent nuclear architec-
ture is driven by generic physical prop-
erties of polymers or by specific factors 
such as proteins binding particular dna 
sequences. the budding yeast nucleus 
has been intensely studied by imaging 
and biochemical techniques, resulting 
in a large quantitative data set on locus 
positions and dna contact frequencies. 
we recently described a quantitative 
model of the interphase yeast nucleus in 
which chromosomes are represented as 
passively moving polymer chains. this 
model ignores the dna sequence infor-
mation except for specific constraints at 
the centromeres, telomeres and the ribo-
somal dna (rdna). despite its sim-
plicity, the model accounts for a large 
majority of experimental data, including 
absolute and relative locus positions and 
contact frequency patterns at chromo-
somal and subchromosomal scales. here, 
we also illustrate the model’s ability to 
reproduce observed features of chromatin 
movements. our results strongly suggest 
that the dynamic large-scale architecture 
of the yeast nucleus is dominated by sta-
tistical properties of randomly moving 
polymers with a few sequence-specific 
constraints, rather than by a large num-
ber of dna-specific factors or epigen-
etic modifications. in addition, we show 
that our model accounts for recently 
measured variations in homologous 
recombination efficiency, illustrating its 
potential for quantitatively understand-
ing functional consequences of nuclear 
architecture.
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Introduction

Several important functions of eukaryotic 
genomes are affected by the 3D organiza-
tion of the genome inside the small volume 
of the nucleus. For example, the chromo-
somes of higher eukaryotes are organized 
into distinct nuclear territories, and their 
relative proximity influences whether loci 
can undergo illegitimate rejoining events 
leading up to chromosome translocations, 
a hallmark of cancer.1-3 Changes in gene 
expression are correlated with—and in 
some cases appear causally linked to—
their spatial position relative to coregu-
lated genes or nuclear landmarks such 
as the nuclear envelope.4-6 Accordingly, 
much current research is directed at 
characterizing genome architecture and 
at understanding its mechanisms and 
functional consequences. Fundamental 
questions remain largely open: where are 
loci positioned with respect to nuclear 
landmarks and to each other? How do 
they move? What determines these posi-
tions and movements? In particular, how 
important are generic properties of poly-
mers as opposed to molecular factors that 
target specific DNA sequences or epigene-
tic modulations of chromatin state?7 How 
does nuclear organization impact gene 
expression, DNA replication, repair and 
recombination?

The humble budding yeast 
Saccharomyces cerevisiae is an important 
model organism for investigating such 
questions, owing to its genetic pliabil-
ity, the relative simplicity of its nuclear 
architecture and the availability of several 
quantitative data sets.7-9 Multiple stud-
ies have used this organism to examine 
the role of nuclear architecture in gene 
expression and DNA repair.10-16 Hence, a 
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(5) Thicken the rDNA. In S. cerevi-
siae, the genes encoding ribosomal RNA 
(rDNA) consist of ~100–200 tandem 
repeats occupying a single locus on the 
right arm of chromosome 12. The intense 
transcriptional activity taking place at 
the rDNA gives rise to the nucleolus, the 
most conspicuous nuclear structure vis-
ible by electron microscopy.21 The nucle-
olus represents an obstacle for non-rDNA 
chromatin and clearly plays a unique role 
in organizing yeast nuclear architec-
ture.22,23 Modeling the rDNA in the same 
manner as other chromosome chains did 
not allow us to recover observed genome 
architecture.17 In order to incorporate 
the specificity of this locus, we therefore 
assign a much larger size to rDNA seg-
ments (200 nm thick segments instead of 
20 nm for all other loci). Qualitatively, 
this assumption can be justified by the 
particularly dense accumulation of RNA 
at this locus, apparent, e.g., from elec-
tron micrographs of Miller spreads.24 
The 200 nm value was chosen such that 
the volume occupied by rDNA segments 
roughly matched approximately one-
third of the nuclear volume, consistent 
with experimental observations of nucle-
olar size. Because of this distinct struc-
ture for the rDNA locus, chromosome 12 
is modeled as a heteropolymer (fig. 1).

(6) Stir. Starting from an arbitrary 
initial configuration, let the chromosome 

nm, 5 Kb and 20 nm, and applied them to 
the entire genome (except for the rDNA 
locus, as detailed in step 5 below).17 The 
number of segments in each chromosome 
is then directly determined by its genomic 
length and ranges from 46 segments for 
chromosome 1 (230 Kb) to 306 segments 
for chromosome 4 (1530 Kb) (fig. 1).

(2) Enclose the 16 chromosome chains 
of the haploid yeast genome inside a 2 μm 
diameter sphere representing the nucleus 
(fig. 1). Chains are not allowed to inter-
sect each other.

Although step 1 entirely neglected the 
DNA sequence, we now introduce a mini-
mal set of sequence-specific constraints:

(3) Link the centromeric segment of 
each chromosome by a single, freely ori-
ented, 380 nm long segment to a single 
point on the sphere (fig. 1). This is done 
because budding yeast centromeres are 
known to be tethered by a single micro-
tubule to the spindle pole body (SPB), 
the yeast microtubule organizing center, a 
protein complex embedded in the nuclear 
envelope.7,8

(4) Apply an outward force to each of 
the 32 chromosome extremities in order to 
maintain them near the sphere periphery. 
This is justified by the fact that telomeres 
are tethered to the nuclear envelope by two 
redundant pathways.20 Since the applied 
force is purely radial, it does not impose any 
particular location on the sphere (fig. 1).

detailed description and understanding of 
genome architecture in S. cerevisiae is an 
important objective for the field of nuclear 
organization at large.

A Minimal Computational Model  
of Budding Yeast Nuclear  

Architecture

We proposed a simple in silico model of 
genome architecture and dynamics for 
haploid S. cerevisiae17 cells in interphase. 
The computational recipe for this model 
can be decomposed as follows:

(1) Treat chromosomes as semi-flexible 
polymers, modeled as freely jointed chains 
of non-intersecting rigid segments (fig. 1). 
This coarse-grained model of the chroma-
tin fiber neglects all chemical details of the 
chromosomes and, in particular, ignores 
the DNA sequence and possible histone 
modifications. Because the orientation of 
consecutive segments is random, a given 
chromosome chain can adopt many dif-
ferent configurations. Modeling chromo-
somes as freely jointed chains requires 
assumption of three parameters: (a) the 
length of each segment, which measures 
the chain rigidity, (b) DNA compaction, 
i.e., the number of base pairs correspond-
ing to each segment and (c) the segment 
diameter. Although these parameters are 
poorly known in vivo,18,19 we used values 
derived from the literature, respectively 60 

Figure 1. Ingredients of a minimal computational model of dynamic chromosome architecture in the budding yeast nucleus.17 The 16 chromosomes 
of the haploid yeast genome (shown stretched out on the left), are modeled as random polymer chains undergoing brownian motion and confined to 
a spherical nucleus (right). Only three DNA sequence-specific constraints are included: centromeres, which are attached to the SPB via short rigid mi-
crotubules; telomeres, which are tethered to the nuclear envelope by an outward force; and the rDNA locus, which is modeled as a chain of increased 
diameter. Chromosomes 4 and 12 are highlighted in the 3D snapshot of the simulation shown on the right.
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frequencies between all pairs of the 32 
chromosome arms.

• Considering the contact frequencies 
at the finest genomic resolution of our 
model (5 Kb), the predictions correlate 
only weakly with the experimental data 
(r = 0.24), but this is plausibly due to the 
limited signal to noise ratio of the latter. 
When the genomic bins are increased, 
however, the correlation improves rapidly 
(r = 0.85 for bins of 75 Kb).17

• The rapidity with which the average 
intrachromosomal contact frequencies 
decay as function of the genomic distance 
s between loci—an important signature 
for the physical state of chromosome fold-
ing28,29—is approximately similar in pre-
dictions and measurements, and roughly 
characterized by a s-1.5 power law followed 
by an approximate plateau for s > 1 Mb.

• Other predicted patterns of intra-
chromosomal and interchromosomal 
contact frequencies also agree with obser-
vations, such as the enrichment of con-
tacts between loci at similar distances 
from their centromere.23

• Finally, a recently reported system-
atic analysis of the territories of 15 loci 
along chromosome 12 (including 3 rDNA 
loci) is also in relatively good quantitative 
agreement with the model’s predictions.30

predictions. Notably, the predicted ter-
ritory of rDNA genes adopts a nuclear 
position opposite the SPB and a crescent-
like shape very similar to that actually 
observed in light or electron microscopy 
images of the nucleolus.21,25

• The predicted nuclear positions of 
36 loci—as measured by median angles 
with respect to a line joining the nuclear 
and nucleolar centers—correlate well 
with measured angles (Pearson r = 0.87), 
although a systematic approximately  
20 degree shift remains.

• Predicted median distances between 
63 pairs of telomeres also correlate well 
with measurements22 (r = 0.65)—despite 
a systematic difference of ~150 nm (and 
although for a subset of pairs, predictions 
actually anticorrelate with measurements).

• The predicted proportions of intra-
chromosomal and interchromosomal con-
tacts (54% and 46%, respectively) agree 
very well with Hi-C measurements (53% 
and 47%).23

• Predicted mean contact frequencies 
between pairs of chromosomes correlate 
very well with Hi-C measurements.23 This 
is true regardless of whether interchromo-
somal or intrachromosomal contacts are 
taken separately or together (Pearson r 
ranging from 0.84 to 0.97). Similar results 
are obtained when averaging contact 

chains move according to pure Brownian 
dynamics, implying that each segment is 
displaced in a random direction at each 
time step, subject only to constraints that 
maintain chain connectivity and pre-
vent segments from crossing each other 
(or the spherical boundary). Allow suf-
ficient time for the simulation to run in 
order to remove the memory of the initial 
configuration.

Thus, in summary, chromosomes are 
modeled as confined, randomly moving 
polymers, with only 3 sequence-specific 
constraints at the centromeres, telomeres 
and the rDNA.

Model Recovers Hallmarks of 
Yeast Nuclear Architecture

To what extent can such a simple model—
that almost completely neglects the 
genome’s sequence, histone modifications 
and other functional properties of chro-
matin—account for observed features of 
nuclear architecture? To address this, we 
extensively compared the model’s pre-
dictions to experimental measurements, 
including:
• nuclear territories of 36 distinct loci 
mapped in 2D by in vivo imaging of 
thousands of cells.17,22,25 These loci encom-
passed 13 out of the 16 chromosomes, 
included 12 telomeres and 16 loci along 
the right arm of chromosome 4 (the lon-
gest after chromosome 12).
• distributions of distances between 63 
pairs of telomeres, also determined by in 
vivo imaging of thousands of cells.22

• contact frequencies across the genome, 
measured by genome-wide chromosome-
conformation capture23 (Hi-C).

The quantitative nature of these data 
allowed for statistical analyses of their cor-
relation with model predictions. In sum-
mary, we found that:

• The model approximately recovers 
the nuclear territories of all loci exam-
ined and recapitulates the well-known 
Rabl-like organization of yeast chromo-
somes.17,26,27 While some features of this 
predicted organization—the position of 
peri-centromeric loci near the SPB, the 
peripheral localization of telomeres—
are rather straightforward consequences 
of model assumptions (steps 3 and 4 
above), the model also makes less obvious 

Figure 2. Simulated dynamics of the GAL1 locus agrees with experimental measurements. Mean-
square displacements—computed using non-overlapping time intervals—are plotted as function 
of time interval Δt, for both experimental measurements11 (white dots) and the simulation17 (black 
trace). The time unit for the simulation data was defined such that predicted MSD matched the 
measurement for Δt = 28 s (thin horizontal and vertical lines). The dashed lines correspond to 
power laws MSD(Δt) ∝ Δtα with α = 0.4, α = 0.5 and α = 1.0. Note that both axes are logarithmic.
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to a functional process? As a first step to 
address this question, we examined the 
impact of reducing the volume of the 
nucleolus, a main determinant of chro-
mosome positioning according to our 
model. Experimentally, the nucleolar 
volume can be reduced by treating cells 
with rapamycine.22 In our model, this 
was simulated by reducing the diameter 
of the rDNA chain segments, while keep-
ing other model parameters unchanged. 
The resulting model predicted a displace-
ment of telomeres further away from the 
SPB that agreed with prior observations.22 
This provides a first indication that the 
model can predict alterations of nuclear 
architecture resulting from a biological 
perturbation.

Predicting Variations  
in Homologous Recombination  

Efficiency

Can the model be used to quantitatively 
understand a functional process that 
depends on nuclear architecture? One crit-
ical nuclear function is the maintenance of 
genome integrity: genomes are subject to 
various types of damages, and cells have 
accordingly evolved mechanisms to repair 
them. Among the worst damages to the 
DNA are those that cut both strands of the 
double helix (double strand breaks, DSB). 
In yeast, these breaks are repaired mainly 
by recombination of the broken site with 
a homologous sequence located else-
where in the genome. How these match-
ing sequences find each other in nuclear 
space remains largely unknown.15,16,37 A 
recent study investigated the impact of 
nuclear architecture on the efficiency of 
DSB repair by homologous recombina-
tion.14 The study relied on yeast strains 
in which a DSB was induced at a specific 
site and could be repaired only by recom-
bination with a homologous sequence 
inserted at another specific locus. The 
efficiency of repair was then quantified for 
21 pairs of loci, involving peri-telomeric, 
peri-centromeric and some internal loci. 
In parallel, previous imaging data22 were 
used to estimate the degree of overlap 
between the territories occupied by the 
two loci in each pair. The measured repair 
efficiencies correlated well with the esti-
mated territory overlap (Pearson r = 0.76,  

matched at the single time point Δt
1
, they 

are in relatively good agreement over the 
entire time range shown (Δt = 4–200 s). 
As apparent from figure 2, both the pre-
dicted and observed MSD over this time 
interval are roughly consistent with a 
power-law dependence MSD(Δt) = CΔtα, 
where C is a constant and the exponent α 
lies between 0.4 and 0.5. Free diffusion 
is characterized by an exponent α = 1, 
while exponents α < 1 indicate subdiffu-
sion. Subdiffusive motions are consistent 
with expectations from polymer physics. 
Indeed, because loci are parts of a chain, 
they are not expected to undergo free dif-
fusion. Instead, the classical Rouse theory 
of polymer dynamics predicts subdiffu-
sion with α = 0.5 for sufficiently short 
time intervals Δt.34-36 The subdiffusive 
appearance of experimentally measured 
locus dynamics was previously pointed 
out,11 and a recent report provides more 
extensive evidence for subdiffusive 
behavior of multiple loci over wider time 
ranges.30 Thus, our model also appears 
able to quantitatively account for observed 
features of chromosome dynamics.

Predicting Nuclear Reorganization 
When Downsizing the Nucleolus

Can the model be used to predict 
changes in nuclear architecture related 

Thus, despite its simplicity, the model 
accounts to a surprisingly high degree 
for quantitative measurements of various 
aspects of genome architecture.

Predicting Chromatin Dynamics

Chromosomal loci do not remain immo-
bile inside the nucleus but instead undergo 
motions that have often been described as 
free diffusion in a confined volume.16,31-33 
Although our model is dynamic, the 
experimental data discussed above were 
static, being obtained from Hi-C on 
formaldehyde-fixed cell populations or 
from live cell imaging snapshots at a single 
time point.22,23,25 However, figure 2 illus-
trates that the model can also be used to 
successfully predict chromosome dynam-
ics. Specifically, we used the model to 
compute the mean square displacement 
(MSD) of the GAL1 locus, as function 
of time interval Δt. This required a con-
version of the simulation time steps into 
physical time units (seconds). To do this, 
we defined the physical time of one simu-
lation time step such that the predicted 
MSD approximately coincided with a pre-
vious experimental measurement obtained 
by single locus tracking11 for Δt

1
 = 28 s, 

namely MSD(Δt
1
) ≈ 0.103 μm2. The pre-

dicted and measured MSD are shown in 
figure 2. Although the two curves were 

Figure 3. Computational prediction of variations in DNA repair efficiency. Experimentally mea-
sured efficiencies of homologous recombination14 are plotted against contact frequencies pre-
dicted by our model.17 Each of the 21 dots corresponds to a distinct pair of homologous loci (some 
correspond to swapped pairs). The Pearson correlation coefficient between measured efficiencies 
and predicted contact frequencies is 0.84.
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interesting to further examine the impli-
cations of the predicted dynamics on the 
homology search process.

Further improvements in the model 
can be contemplated. For example, it 
remains to be determined whether dif-
ferent parameters or model assumptions 
could help to reduce remaining systematic 
discrepancies between predictions and 
measurements. Higher resolution imag-
ing or Hi-C data should allow to test 
future extensions of the model to finer 
genomic scales. Further, it will be impor-
tant to understand how inducible loci can 
alter their position in response to tran-
scriptional activation,11,25,43,44 an obser-
vation that the present model—which 
entirely ignores the expression status of 
genes—cannot account for. Beyond bud-
ding yeast, it will be important to test the 
generality of our model’s assumptions by 
extending it to other organisms.
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positioning or live cell imaging data, in 
contrast to ours.17 The reasons for this dis-
crepancy remain to be analyzed and may 
possibly include the different experimen-
tal data considered.41,42 However, a model-
ing effort based on geometric constraints 
and a structure population39 led to the 
conclusion that DNA specific interactions 
are not required to explain most of the 
experimental data from imaging22,25 and 
Hi-C23—in accord with our own find-
ings.17 Differences of our model17 with the 
structure population model39 include the 
self-consistent prediction of the nucleolar 
compartment, as well as the ability to pre-
dict dynamic features (fig. 2). For a more 
extensive discussion of these and other 
computational models of nuclear architec-
ture see, e.g., reference 36.

Conclusion

We have proposed a minimalistic dynamic 
model of chromosomes in the yeast 
nucleus, based on generic polymer phys-
ics, which assumes a very small number 
of sequence-specific constraints and only 
few parameters (fig. 1). Nonetheless, it 
can explain a large majority of quantita-
tive data available on yeast nuclear archi-
tecture, including locus positions, contact 
frequencies and motion characteristics 
(fig. 2). This model can now be used to 
better understand or even predict mul-
tiple aspects of nuclear architecture and 
their functional consequences. We illus-
trated this for homologous recombination 
in DNA repair (fig. 3). It will now be 

p < 10−4): loci sharing similar territories 
(e.g., two telomeres on short chromo-
some arms) recombined more frequently 
than loci whose territories overlapped 
little (e.g., a telomere on a long arm and 
a peri-centromeric locus). This argues 
that homology search is constrained by 
nuclear architecture and is rate-limiting 
for homologous recombination.14

In figure 3, we plot the measured 
repair efficiencies14 against the contact 
frequencies predicted by our model.17 The 
measured efficiencies correlate slightly bet-
ter with the predicted contact frequencies 
than with the territory overlaps derived 
from the images (r = 0.84, p < 10−5). This 
suggests that differences in recombination 
efficiencies can be predicted in absence of 
imaging or Hi-C data and that our com-
putational model may be relevant for a 
quantitative understanding of the homol-
ogy search and DNA repair.

Related Work

Several computational models of yeast 
nuclear architecture have been proposed 
recently.23,38-40 Some of these used Hi-C 
data23,41 to create a static23 or dynamic 
3D model,38,40 either by turning the mea-
sured contact frequencies into spatial 
constraints and solving an optimization 
problem23 or by turning these frequencies 
into sequence-specific forces, which were 
then used to bias a dynamic simulation of 
polymers.38,40 Two of these studies38,40 con-
cluded that sequence-specific interactions 
are required to account for chromosome 
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