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Chromosome structure predicted by a polymer model
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Human chromosomes were simulated by a polymer model in the presence of an excluded-volume interac-
tion. The polymer chain of each chromosome was arranged into loops and several consecutive loops formed
subcompartments. We observed the formation of distinct chromosome territories with separated chromosome
arms and subcompartments in agreement with recent experiments. Mean spatial distances between markers
agree with measurements under different preparation conditions. Different scaling properties were found de-
pending on the genomic distance regarded. The radial density, the position of genes, and the overlap of
chromosome arms and subcompartments agree with experimental results. The parallelization of the Monte
Carlo and Brownian dynamics algorithms and a method for the computation of confocal images is described,
which allows a direct comparison with results from confocal light microscpp$063-651X98)12104-9

PACS numbds): 87.15~v, 36.20-r, 81.05.Ys, 07.05.Tp

I. INTRODUCTION here for Monte Carlo and Brownian dynamics, is applicable
for other polymer or many-particle systems with short-range
The structure and dynamics of chromatin is known to playinteractions as well.
an important role in eukaryotic gene expression and differ-
entiation[1]. However, in spite of the rapid progress in the IIl. POLYMER MODEL AND SIMULATION TECHNIQUES
physical mapping of the human genome, the higher-order
three-dimensional arrangement of the DNA in the cell
nucleus is still largely unknown. Even the structure of the Each chromosome in a cell nucleus consists of a single
chromatin fiber is still discusseor reviews seg?2]). DNA fiber [20]. We assume that all chromosomal DNA can
Approaches that have been successful for the analysis @fe described in terms of the next higher folding motif: the
other cell compartments have failed to give us detailed inforchromatin fiber. The detailed structure of chromatin fibers in
mation about the cell nucleus. Classical electron microscopinterphase nuclei is still discussé®l], but its average prop-
techniques identified some nuclear compartméfisa re-  erties, like those of any linear chain molecule, can be de-
view see[3]). Only recently, careful electron tomography scribed by polymer physics.
studies in combination with light microscogg.g.,[4]) indi- We represent the chromatin fiber of a chromosome by a
cated undisturbed higher-order chromatin structumessitu  linear chain of segment§=ig. 1). Each segment has an as-
hybridization of mammalian and plant cells demonstratedsigned stretching energy
that the DNA of a chromosome is not distributed throughout
the entire nucleus but limited to a territory, i.e., a subvolume
of the nuclear space.g.,[5-8]). However, experiments us-
ing light microscopy were limited by the resolution of sev-
eral hundred nanometers, i.e., abgytf a territory diam-  wherel is the actual length of the segment dgdts central
eter. Therefore, the spatial organization of the Dithina  length. An absolute temperatufe= 300 K and Boltzmann’s
territory remained unclear. Proposed models range fronconstantkg were used. The stretching rigidity of chromatin
highly randomly intermingled fiberi®—13| to certain levels is not known; however, we have to assume some stretching
of organization14—17 or focused on the functional organi- elasticity to keep the Brownian dynamics simulations nu-
zation[18,19. These different models can be evaluated by anerically stable without the introduction of additional con-
comparison of experimental data to computer simulationstraints. We used= 0.1, which allows fluctuations of about
based on polymer models, which link our knowledge on10% of |,. For the Brownian, molecular, and hybrid
small scalege.g., the DNA sequengdo observed higher- molecular-dynamics simulations the stretching force at bead
order three-dimensional structures. i was computed as
The “multiloop subcompartment”’(MLS) model pre-

A. Polymer model

kgT 5 )
Ugl)= ﬁ(l —lg)¢ (stretching, D

sented in this work predicts structural flexibility together s kgT .
with a high degree of compartmentalization of chromosome Fi=~ sz [(li-i=loui-1=(li—lo)ui] ~ (stretching,
territories. The parallelization method, which is described 2)

whereu; indicates the unit vector of segmeant
*Electronic address: C.Muenkel@DKFZ-Heidelberg.de To keep the number of segments as small as possible the
"Electronic address: Joerg.Langowski@DKFZ-Heidelberg.de  rigidity of the chromatin fiber was modeled by setting the
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loop base spring Because no experimental data about the torsional interac-
(magnified) tion of the chromatin fiber are available and certain proteins

can relax torsional stress, we did not include any in our

simulations.

Chromosomes and even typical distances between parts of
the chromatin fiber are much larger than the van der Waals
interaction range or the electrostatic Debye length for the
~~ ionic conditions present in cell nuclei. Therefore, we ap-
proximated these interactions by a short-range excluded-
volume interaction

loop base '

chromatin
chromatin link

fiber ré—2rr

2
1+ r—4°) (excluded volumg

c

Ue(r)=U%gT

FIG. 1. Schematic drawing of the multiloop subcompartment
model with subcompartments consisting of about 120 kbp sized @)
loops (with a contour length of approximately 1.2m), which are
formed by a harmonic potential between the loop bases. About te
loops form a subcompartmef@pproximately 1 Mbjp Subcompart-
ments are linked by small chromatin fibers.

between all beads separated by a distandge the interval
FO.O;C]. r. ensures a spatial separation of all parts of the
chromatin fiber and was chosen 50% larger than the radius
of the chromatin fiber. Because of the finite barrier &0

segment length, equal to the Kuhn length . For a ran- and the vanishing forces

dom walk with a density ofl base pairs per nanometer con- AKaT
tour length the Kuhn segment lendth can be estimated by Fi(r)=— Ug B4 (r2=rAr (excluded volumg (8)
the ratio of the mean distance between proBesnd the Fe

genomic distance: between the markers in base pairs: at the boundaries=0 andr =r this interaction models the

repulsion as well as a certain probability of crossing of chain
, Lk segments. It has been argyé@2] that such a chain crossing
Re=—x. 3 X ; ;
d is essential to enable disentanglement of replicated chromo-
somes; this chain crossing could be mediated by topoi-

Using measured distances below 1 mega base (Mbp) of ~ Somerase Il. Most of the simulations were performed with a
van den Englet al.[12], one obtains an initial slope, /d of barrier US=0.1ksT. Frequent crossings were observed dur-
about 2.5-0.5 um?/Mbp. A chromatin density of about 6 ing the initial decondensation of the chromosomes. The equi-
nucleosomes per 11 nnu4 105 bp/nn [21] results inL librium properties presented below, however, were hardly
~260 nm, in agreement with earlier estimates (2@59 nm  affected by using the ten-fold higher barrietd=1kgT.
[11]). We usedL =300 nm(about 30 kbp for the simula-  Other properties, e.g., the number of knots, may depend on
tions. For a more detailed local description of the fiber wethe height of the barrier.

substituted each segment hysmaller ones with length)) The presence of adjacent chromosome territories is ap-
—Ly/n (n=6 was used throughout this workThe same Proximated by an additional energy barrier Ogl(equal to

rigidity can be achieved by a harmonic bending potential the intraterritorial crossing barriefor each segment outside
the territory, which was approximated by a sphere. The ter-

KT ritory radius Reerritory Was computed by the nuclear radius
Uy(B8)= izﬁz (bending, (4) Riucieustimes the cube root of the ratio of chromosome DNA
24 contentcepromosome@Nd gENOME SiZ€yenome

which acts between two adjacent segmegss the angle Cehromosome
between those two segments agpds related to the Kuhn Reerritory= Rnucleu m ' ©
lengthL« by L =b/2y° approximately. The corresponding
bending force is a relation confirmed experimentall23].
The average end-to-end distance of a free chromatin chain
keT can be estimated for, e.g., chromosome 1 #R?)

Fo=— W(Ai_Aifl"' Bi—Bi-1) (bending, (5  =(by/d)x ~300 nm/(105 bp/nm)x2.5x10° bp ~ 27
um and exceeds the size of three-dimensigi3&) recon-
structed chromosome territories by f&4]. Therefore, addi-
tional topological constraints need to be enforced. Such con-
straints had been introduced, e.g., as a rigid territory

Uj+1— UjCOB; boundany{10] or large loops in the Mbp randé&1]. Recently

bising; measured interphase distances along a whole chromosome

showed a crossover from the initial random walk to a more
compact structurg25] and were interpreted as an additional

B=8_ ui,l—yicosBi,ll (6) backbone polymer, which folds the fiber into giant loops

P ysing -y [13].

with

Ai=Bi
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earliest stage of human prophaseout 3000 bands31]) by
subdividing each standard band into three equally sized
parts. This results in a band size of about 1.5 Mbp. The
number of loops in each subcompartment is computed by
assuming that the amount of DNA in each band is propor-
tional to the band size in the ideogram and subdividing this
number by the size of a loop. Additionally, we simulated a
structural modification of the MLS model where several suc-
cessive subcompartments are opened and their chromatin
forms a single giant-loop domain in the Mbp range. Except
for this different boundary condition, the same interactions
and simulation techniques were used. In contrast to the ana-
lytical random-walk—giant-loop (RW-GL) model [13],
where the number or size of the loops was adapted to fit
measured interphase distances, all comparisons of the MLS
model with experimental data were performed without any
further adjustments of the parameters noted above. No addi-
tional backbone polymer is assumed in the MLS model.

B. Simulation algorithms

The Brownian dynamics simulations were performed ac-
cording to the Ermak-McCammon algorithi®2]. Hydrody-
namic interactions between segments can be neglected be-
cause of hydrodynamic shielding33] and were not
computed during the simulation. For the Monte Carlo simu-
lations several moves were used at each step. Local changes
were performed by a rotation of beads around the axis given
by both adjacent neighbor beads. Concurrent updates of ad-
jacent beads were avoided. Because this move preserves the
length of all segments the time scale of our simulations was
not limited by the fast bond vibrations. Global rearrange-
ments were accelerated by pivot moya4]. One bead of the
chain and a vector on the unit sphere were chosen randomly.
Then all beads belowor above the chosen bead are rotated
_ ) ) by a random angle around that vector. While both moves are

FIG. 2. Three-dimensional structure of a simulated chromosomgye|| suited for simulations of linear chains, they change the
3 with both arms shaded in different levels of grdg Polymer  griantation of our loops within the subcompartments only
segments visualized by cylinders with the diameter of the chromatu%'OW'y_ Hence we introduced an additional loop-rotation
fiber (30 nm), (b) Computed central section corresponding to 8 move. where a whole loop is rotated randomly around the
confocal laser scanning microscof250-nm lateral and 750-nm loop t;ase in the same way pivot moves are performed. In the
axial resolution. (c) Three-dimensional volume rendering based ONase of spatially different loop bases the loop rotation-move
all subsequent confocal sections. . .

will separate them further. We corrected for this by a

However, no such giant loops in the Mbp range Weresteepest—descent relaxation step, where all beads are moved

found by biochemical experimentgl6,21], fluorescence according _to the force acting on them. 'I_'he stability of t.he
in situ hybridization [18], metaphase spreadd7,26,27, algorithm in the presence of loop rotation and relaxa_ltlon
nuclear matrix preparation28], and electron tomography moves was checked for some1@0° Monte Carlo steps in
studies[4]. In contrast, indications for loop sizes of about total.

100 kbp were found29]. We used small loops of about 120 o

kbp (four Kuhn segmenjs The springs between the loop C. Parallelization

bases in Fig. 1 were modeled similar to the stretching poten- Because of the large numbers of segments the computa-
tial [Egs.(1) and(2)] but with a vanishing minimum energy tional complexity of the pairwise excluded-volume interac-

lengthl, tion (7) dominates the computation time. All other interac-
tions used(e.g., stretching and bendingcale linearly with
_ kT 2 : the number of segment$ only. For short-range interactions
Ubasdl)= 55217 (stretching. 0 the sum over all pairs

About ten such loops form a subcompartment as shown in ap Nl o
Figs. 1 and 23). The exact number of loops in each subcom- Ue :,2‘2 21 Ue(ri))  (pairwise 11
partment was derived from the observed band pattern. For
lack of sufficient experimental data we extrapolated the bandan be avoided by using the linked-cell algoritlisee, e.g.,
pattern of the standard human 850 band ideodi2®hto the  [35]), where the three-dimensional space is subdivided into
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cubes. The side length of the cubes is equal to the pairwispresented below were mostly computed by the parallel
interaction range. Only interactions with beads within theMonte Carlo algorithm and took about 800 days of single
same cell and one-half of all 26 neighbor cells have to beCPU time on a Parsytec PowerXplorer with 4 and a Pow-

regardedn, is the number of beads in cei): erGC with 192 PowerPC 60B0-MHz) processors.
cells (( n i ) ) )
U|ec:§k: |§,“ §]: Ue(ryj) D. Simulation of confocal images

For the visual exploration of the three-dimensional chro-
13 ng n mosome organization we developed thdual confocal mi-
+E 2 E Ue(rij)] (linked cells (12 croscope which allows a direct comparison with micro-
b scopical images. Figure (® shows a computed central
. . , section of the configuration in Fig(®. Pointlike fluorescent
Accordingly, the number of computations scales IInearIymarkers: were positioned on the chromatin fiber with a sepa-

with N_' L ration smaller than the diameter of the fiber. The imaging
Various regular communication schemes were proposeﬁa

f i :  cell i th roperties of a confocal microscope were modeled by an
or uniform mappings of cells to processors In the context ofiyaqe convolution with a Gaussian point spread function.

molecular dynamicsfor reviews seg36]), but they gener- |06 operations were performed on a three-dimensional
ally scale for large number of particles and an uniform par-ges”qriq of 50-nn?* voxels. A lateral resolution of 250 nm
ticle distribution only. We avoided the communication over- 5.4 an axial resolution of 750 nm was assumed for the visu-

Eead by using asyncr:]hrﬁnolus,dbufferkedd Con‘muﬂ'cat'o'&lizations, which is similar to that of the confocal light scan-
etween processors, which already worked well In the CoNqing microscopes used in many experiments. Additionally,

text of membrane$37]. At the beginning of a Brownian e rendered three-dimensional reconstructions by volume
dynamics step all beads belonging to a processor are storg ndering(which is similar to the ray-tracing methpbased

in the first of two lists. After computing the interactions for . e computed sections. Our rendering software is based
all beads in a cell with the 26 neighboring cells the equation%n the public domain volume rendering librampLPACK
of motion are integrated and the updated bead positiand [38].

other data if necessgrgre communicated to the neighboring
processors asynchronously. During the computation each
processors receives the updated beads and stores them in a
second list together with the beads, which remain on the The organization of DNA within a chromosome territory
processor. When all computations of a Brownian dynamicss studied by the overlap of chromosome arms and subcom-
step are completed the beads in the second list are sorted inpartments. In the experiment, for example, both arms are
the first list according to their positions in cell space. As anpainted with different fluorescent markers, which are de-
additional advantage this methods maps the spatial localittected in two different color channels. The relative ove@ap
of the beads on a locality in memory. This leads to an im-can be computed by comparing the intensitiesdg of the
proved computation speed on cache-base computers. red and green channels directly, but generally the results will
The strongly irregular spatial distribution of beads limits be strongly influenced by the background intensities. Sum-
the parallelization efficiency in the case of a regular mappingning over all voxels of the three-dimensional array
of cells to processors. A better load distribution can beN,,Ny,N,],
achieved by a dynamic load balancing algorithm based on a

E. Computation of domain overlap

. . Ny Ny ,N
Monte Carlo approach. We used a dynamic mapping of the o 1 xzy z 13
three-dimensional cell space onto a two-dimensional proces- SIMPIET N NN, ke K, Pl ky ko Ky (13

sor grid, i.e., all cells with the same andy-coordinates are

mapped on the same processor. Initially, the mapping is §,cjydes contributions from the randomly distributed back-
regular two-dimensional grid. An improved load balancing isq o nd also. Probe and background signal correlations can
?chleved Py moving the ver‘uce; of the g”(.j according to He separated due to their different properties under relative
pressure” that is induced by an imbalance in the number of;y o ghifts between both color channels because correlations
beads in the four domains around the vertex. If a randonys o jsotropic background are invariant. Unfortunately, av-
move of a vertex leads to an increase in the cost function it 4ing over all relative shifts leads to an increase of com-
may be rejected according to a Metropolis test. In general, \1asiqnal complexity by the third power of the linear image
this algorithm leads to a distortion of the grid, which also ;o This can be avoided by computing the correlations in

decreases the performance: While domains with a high loag, rier spacgg]. After transforming the 3D images of both
are shrunk this way, they tend to develop spikes. We ther€s, o channels by two 3D fast Fourier transformations
fore introduced an additional cost term, which is proport|onaI(FFT,s) the real-space correlation

to the angle between each two adjacent grid edges. In the

presence of this additional cost the area of high load domains Ny Ny N,
still decreased, but their shape remained nearly quadratic. ar,g) = E r . . g

The simulation software was designed according to an Sy dz T £ T ely TRy datie Skoky
object-oriented approach and is coded in the language-C (14

(about 15.000 lines Computer-system-specific communica-
tion details are hidden in @ommunication objectwhich  is equivalent to a multiplication of the transformed intensi-
uses standard message passing library functions. The resutiss R and G in Fourier space
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out any plateau. In the absence of background signals, the
inverse value of the correlation is equal to the fraction of
overlap area relative to the size of the image. In Fig) &he

size of the completely overlapping area is 2/B/4=1/32 of

the image size, in agreement with the correlation without
shifts but complete overlap. A randomly distributed back-
ground signal leads to a correlation close tg-ig. 3b)]. By
increasing the threshold the original correlat[6tig. 3@)] is
recovered and the optimal threshold can be determined by a
vanishing correlation for large shifts.

cross correlation

Ill. RESULTS

A. Interphase distances

-
Ve,

While the characteristic pattern of chromosome bands in
metaphase indicates a certain degree of unique structure,
measured spatial distances between markers vary strongly in
interphase[12,25,40—42 suggesting many different pos-
sible foldings of the chromatin. However, this does not nec-
essarily imply a randomly intermingled network of the chro-
matin fiber. The MLS model predicts a highly
compartmentalized chromosome territory structyifig.

2(c)]. Nevertheless, predicted interphase distances agree well
with the experimental datfFigs. 4a) and 4b)]. Chromo-
some 4 was simulated for 40onte Carlo steps. Projected
interphase distances computed for pairs of markers within
the region 4€16.3 [Fig. 4(a)] are in good agreement with
experiment$12], but require a local decondensation of about
three subsequent subcompartments into a giant loop. This
model is still different from the random-walk—giant-loop
model[13] because we have the additional excluded-volume
interaction and each two subsequent giant loops are sepa-
rated by a MLS-model subcompartment consisting of small
loops. We note that the experimental distance measurements

FIG. 3. Determination of spatial overlap by cross correlation of(25] Were performed on hypotonically swollen nuclei that

relative shift between the red and green planes for nonoverlappiniflis procedure leads to extensive flattening of the nuclear
domains(continuous ling a small overlapping regiofiong-dashed ~ Shape, Yokotaet al. also performed distance measurements
line), and a complete overlap of domaifishort-dashed lineas  for markers in the same region in formalin fixed nuclei under
depicted in the inset. Without background signals the inverse of theonditions, which better preserved their three-dimensional
cross correlation is equal to the relative size of the overlapping areajuclear structure. In these nuclei they measured considerably
which was 1/32 of the whole image for complete overl@p.In the  smaller distances, which are not compatible with the pres-
presence of a randomly distributed backgrouf@% of maximal  ence of giant loops but fit very well with the prediction of the
signal intensity, Gaussian distributiothe cross correlation reaches MLS model[Fig. 4(a), dashed ling It should be reempha-

a plateau of about 1 for large shiftsontinuous ling The back-  sized that the loop siz&€120 kb, i.e., four segments of the
ground contribution can be detected by increasing the threshol@olymer model was not selected to fit these experimental

0 100 200 300
image shift in pixels

cross correlation

0 100 200 300
image shift in pixels

(dashed |inebunti| the pla'[eau vanishes for |arge shiftSrcleS. |nterphase d|Stances’ but mouvated by the ||terature
[16,21,26,2T. The results are unsensitive to an increase of
C(r,g)=RG* (15  the loop size by a factor of 2240 kbp, eight segments;

short-dashed line in Fig.(d)], which is much smaller than

and a subsequent retransformation of the correlation data. the subcompartment size. No agreement can be achieved for

Painting both arms of a chromosome entirely results inmuch larger sizes, i.e., for a factor of 40, which corresponds
the three different classes of probe arrangements as showntia giant loops of about 5 Mbp. This indicates that giant loops
Fig. 3(@. Two nonoverlapping domains have a vanishingare created as a result of the preparation conditions used.
correlation in the absence of shifts. The correlation increases Although the presence or absence of giant loops result in
with shift distance until a plateau is reached. For large shiftglifferent distances on the Mbp levfFig. 4@)], all models
the correlation vanishes again because the domains are muptedict similar distances in the 200-Mbp range in agreement
smaller than the image size and most shifts result in nonovemwith the experimental data of both preparation techniques
lapping domains. In the presence of an overlapping region BFig. 4(b)]. However, the MLS model predicts interphase
small initial peak is added to the correlation. Completelychromosomes to be in a globular state, where spatial dis-
overlapping domains result in an decreasing correlation withtances between markers in a genomic distahseale agi’®
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[43], while the RW-GL model results in an exponent of 1/2.
A double logarithmic plot of the experimental data from
Yokotaet al.[25] yields an exponent 0.82), in agreement
with the MLS model(data not shown

In any individual nucleus, however, three-dimensional
distances between markers depend strongly on the position
of the marker pair. Computed distances in Fig)4or mark-
ers separated by 1, 10, and 100 Mbp vary up to 3 times.
While this flexibility allows interactions of distant genes on a
chromosome, such interactions may be the cause for the dif-
ferent folding patterns observed in experimpid].

mean 2D distance between markers [um]

B. Spatial chromatin distribution

The globular state characterized by a scalifif corre-
sponds to an approximately uniform average, radial chroma-
tin density within the entire chromosome territanyeglect-
ing differences in local chromatin condensajionin
agreement with the distance measurements described above
and experimental observations we find a plateau in the radial
chromatin distribution for an average of 200 MLS-modeled
chromosomes 3 over iMonte Carlo step§Fig. 5a), solid
line]. The constant density is caused by the interplay be-
tween the excluded-volume interaction and the entropy of
the fluctuating loops, which leads to adjacent but almost non-
overlapping subcompartments visible in Figic)2 which
themselves have an approximately uniform average density
B ‘ ‘ ‘ ‘ distribution. It is not caused by the straight initial metaphase
0 50 100 150 200 configuration, which was used at the beginning of the simu-

distance between markers [Mop] lation and could be preserved by a prohibited crossing of
chromatin loops. The barriMSzO.]kBT for chain crossing,
which model topoisomerase Il activity, allows frequent
crossing of chains, which was indeed observed during the
initial phase of the simulations. The arms, however, always
remained separated essentially.

In contrast, the vanishing barrier in the RW-GL model
leads to a majority of configurations where the chromosome
is intermingled to a large extent. Averaging the radial density
of 200 RW-GL-modeled chromosomes 3 over® IMonte
Carlo steps results in a decrease without plaféag. 5a),
dashed ling which is not observed experimentally. The high
central density is caused by many phantér., nonexclud-
ing) segments separated less than the diameter of the chro-

0 50 100 150 200 matin fiber.
distance of first marker to chain end [Mbp] The structural difference between both models is there-
fore caused by the presence of the excluded-volume interac-
_ ) _ _tion and adjacent chromosome territories. We approximated

FIG. 4. (8) Mean projected interphase distances of markers ihese other chromosomes by a spherical territory boundary,
region 4016.3 of chromosome 4. Results for the multiloop subcom-but since this boundary had a low-energy barfee Sec.
partment mode{long-dashed line 120-kb loops; short-dashed line, | A) the chromatin fiber was not limited to this sphere. The
240-kb loop$ agree with experimental results for nonhypotonically decay of the average density in the range 1500—3000 nm

swollen nucle(illed circles. A chal rearrangement of ab(.)m t.hree indicates fluctuations of the territory shape, which are also
subsequent subcompartments into a giant loop results in distance

(continuous ling corresponding to experiments with hypotonically O%Séerved n e;q:t)ﬁrlmenés. foldi f the ch
swollen nuclei(open circles (b) The larger marker distances on ecause o € random folding o € chromosome one

chromosome 4open circles, hypotonically swollen, filled circles, expects similar radlal_ distributions for th('_:' parts of the Qhro-
nonhypotonically swollen nucleare less dependent on preparation M0Some corresponding @ and G domains. Indeed, Fig.
conditions, in agreement with our model simulations witontinu- () shows almost identical distributions for R and G-
ous ling and without(dashed ling giant loops.(c) For a single ~Subcompartments and both models. Experimentally, the
MLS-model configuration distances vary strongly depending onsame similarity was found for early and late replication do-
marker distance, reflecting the variability of the folding pattern atmains[45], which are assumed to be almost identicaRo
the highest level. and G domains.

mean 2D distance between markers [um]

3D distance between markers [um]
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FIG. 6. Distances between genes ANTfled circles and
FIG. 5. (a) Average radial density of 200 MLS-modeled chro- ANT2 (open circlesand the chromosome center of mass. ANT3 is
mosomes Jcontinuous ling and RW-GL-modeled chromosomes |ocated close to the chain end and ANT2 is close to the chain
(dashed ling The plateau reflects the compact territory structurecenter.(a) Only a small difference at large distances is visible for
predicted by the MLS model while the RW-GL model shows athe MLS model.(b) Without excluded volume both distributions
typical random walk distribution with very high central density) differ significantly for the random-walk—giant-loop model.
For both models the average radial densitiesRaoand domains
(thick lines andG-band domainsthin lines agree within statistical active in the activeX chromosome only. The distance distri-
errors. butions for the MLS model in Fig. (@) differ only slightly.
The RW-GL model, however, results in completely different
C. Position of genes distributions[Fig. 6(b)], i.e., the results depend strongly on
. N the sequential position of a gene. A comparison of these
e both model d ot rct e ent araer i an ofcompuid Gnces e geres ad
different. A specific aésociation of chromatin to other nucleart he territory surface V\.”th experimental data W'.” als_o hglp o
domain§ e.g., nucleoli or the nuclear lamina, may lead to aexplaw_\ the mecha_\msms Ok chromosome inactivation,
) 1 i . ’ ; which is accompanied by structural chang24].
different average position of coding and noncoding se-
guences, which was observed experimentall@]. Even
more interesting is the relation between transcriptioe.,
activity) of a gene and its position relative to the chromo- The results described above suggest that MLS-model
some territory. This position is also be influenced by thechromosome arms are essentially separated, while the
geometric constraints imposed by the folding of the chromoRW-GL chromosomes can be highly intermingled because of
some. We therefore simulated chromosok@ccording to  the lack of excluded-volume interactions. In agreement with
the MLS and the RW-GL model and computed the distanceshis expectation and the examples in Fig. 3, the correlation
between ANT2 and ANT3 genes and the territory center ofunctions in Fig. 7 of the MLS-model chromosomes show an
mass. Gene ANT3 is located in the pseudo-autosomal regianitial increase and those of the RW-GL-model chromo-
(i.e., close to one endof the X chromosome and is being somes a single peak. A higher simulated resolution of 100
transcribed in both the active and inactiechromosome. nm? reduces the computed overlap and the correlation signal
ANT2 is located near the center of the chromosome and ifor small shifts increases by 20-40 @eig. 7, thin lines.

D. Overlap of chromosome arm and band domains
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cross correlation

40 (o= broader distribution with a mean overlap of 15%. In addition
N T L, to contributions from the limited microscopical resolution
N memmma= RW/GL, 250nm i
s —  MLS,  1000m some of the experimentally observed overlap can be caused
oy R T RW/GL, 100nm by arm probes, which may partly cover the same region.
AY . . .
S ——O—— chromosome 3 The notion of a highly compartmentalized chromosome
30 |- A . A . g
‘\‘ \ territory structure predicted by the MLS model and verified
SN by chromosome-3 arm observations is valid even on the level
25 - St of subcompartments. Using a simulated 250-nm resolution
e for modeled chromosome-15 territories, the mean overlap of
AR

20

R and G subcompartments is about 7% for the MLS model
and 20% for the RW-GL model. If the computation is re-
stricted to the central core of the chromosofaleout half the

linear siz¢, the mean overlap increases to about 10% and
34%, respectively. Hence the average overlap of band do-
mains computed for the RW-GL model is about three times
higher than for the MLS model, reflecting the entirely differ-

ent internal structure of chromosome territories predicted by
the two models, which was found already for the overlap of

chromosome arms and the density profiles. The experimen-
tally measured overlap of early and late replicating domains

Il JELGI (i.e., R andG subcompartmentof chromosome-15 territo-
) ries is about 4%46].
FIG. 7. (a) Overlap of chromosome3 andq arms predicted by - nvoreover, MLS-model estimates for subcompartment

the MLS model(solid lineg and the RW-GL mode(dashed lineés  \o|ymes agree with experimental data. For chromosome 15
The observed overlafcircles, from[40]) is most similar to the in G1 about 4.2 1.0 ,um3 early and about 31 Mm3 late
MLS-model data. The-y scaling of the data depends on the ratio replicating chroma.tin per chromosome were meas{#&}

of chromosome to image size, which is different for both modelsUsin the same image analvsis software 27 simulated MLS-
and the experimental data. Thick lines indicate a simulated resolu- 9 9 y
. - model chromosomes were analyzgtb]. In G1 the mean
tion of 250 nm and thin lines 100 nm. 3
R-subcompartment volume was 3:0.7 um® and the mean
Computed correlations for about 100 experimentally ob-G-subcompartment volume was 26.8 um®. Additional
served chromosomep?] and -6q configurations[40] re-  uncertainties of about m® may be caused by approxima-
sulted in about the same background levels. By increasingons of the simulated vs experimental painting and imaging.
the threshold td,=10% of the maximal intensity the back- The modified MLS model including some giant loops results
ground correlation signal was completely removed and thén 2.5 times higher volumes d® subcompartments. For the

resulting correlation signdFig. 7, circleg is most similar to RW-GL model volumes of botR andG bands are about 2.5
the MLS-model chromosomes. However, a perfect match Ofimes |arger than observed.

all the correlation functions cannot be expected because the
scaling of both axes depends on the ratio of domain and
image size, which was different for all three data sets.

Using the threshold derived from the experimental corre- o )
lation function, we also computed the overl@pof both the The agreement of the MLS-model predictions with ex-
observed and the simulated images, which is defined as perimental results demonstrates that simulations of polymer

models are well suited to study the three-dimensional orga-

nization of the human genome in interphase. However, a
all'Sivels land comparison with many different experiments is required be-
O=——, (16) cause measurements are indirect and the structures cannot be
lor deduced uniquely. Mean interphase distances in(fle-
all'pixels 200-Mbp range, for example, can be reproduced by the
. . . . . MLS model, the RW-GL model, and a modified RW-GL
i.e., by all pixelsl g with both color intensities above the . .
threshold and .., with any of the channels above the thresh_model [47]. Additional measurements of distances below 5
old: Mbp and _the overlap of chromosome arm_and sub_c_ompart-
ments using structure preserving preparation conditions ex-
clude models with giant loops and without an excluded-
volume interaction, i.e., strongly intermingled fibers.
The MLS model is based on very few parameters only.
Therefore, it cannot represent the specific details of a certain
a7 chromosome in a certain cell cycle and differentiation state.
Not all of the subcompartments may be in a decondensed or
For the MLS-model chromosome 3 and a resolution ofopened state; some may be condensed next to the connecting
250 nm we find an overlap of about 6%, in agreement withchromatin fragments between the subcompartments. This
the experimental overlap of 7% for chromosome-3 arm dowould lead to a much thicker fiber with a diameter of about
mains [40]. The RW-GL model results in a three times 90—150 nm, similar to the findings of Belmont and Bruce

IV. CONCLUSION AND DISCUSSION

1 for 1>, 1,>1,

lan™ .
and™ ( 0 otherwise,

1 for I,>1; or 1,>1,
and™ | 0 otherwise.
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[4]. The opening of the subcompartments may also be a dyures of chromosome territory and band domain organization
namic process related to transcription. Chromosome struean be described without the need for an organization by
ture changes dramatically by the inhibition of RNA poly- additional mechanisms, e.g., a rigid nuclear matrix.
merase 1[48] and regional differences in the compacting of
chromatin were foun@49]. Further experiments are required
for such a refinement of the MLS model. _ ACKNOWLEDGMENTS
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