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The three-dimensional folding of the a-globin gene
domain reveals formation of chromatin globules

Davide Bau!%, Amartya Sanyal®>?, Bryan R Lajoie?>*, Emidio Capriotti!, Meg Byron?, Jeanne B Lawrence?,

Job Dekker? & Marc A Marti-Renom!

We developed a general approach that combines chromosome
conformation capture carbon copy (5C) with the Integrated
Modeling Platform (IMP) to generate high-resolution three-
dimensional models of chromatin at the megabase scale.

We applied this approach to the ENm008 domain on human
chromosome 16, containing the a-globin locus, which is
expressed in K562 cells and silenced in lymphoblastoid cells
(GM12878). The models accurately reproduce the known
looping interactions between the a-globin genes and their
distal regulatory elements. Further, we find using our approach
that the domain folds into a single globular conformation in
GM12878 cells, whereas two globules are formed in K562
cells. The central cores of these globules are enriched for
transcribed genes, whereas nontranscribed chromatin is more
peripheral. We propose that globule formation represents a
higher-order folding state related to clustering of transcribed
genes around shared transcription machineries, as previously
observed by microscopy.

Currently, efforts are directed at producing high-resolution genome
annotations in which the positions of functional elements or specific
chromatin states are mapped onto the linear genome sequencel.
However, these linear representations do not indicate functional or
structural relationships between distant elements. For instance, recent
insights suggest that widely spaced functional elements cooperate to
regulate gene expression by engaging in long-range chromatin loop-
ing interactions. The three-dimensional (3D) organization of chromo-
somes is thought to facilitate compartmentalization®3, chromatin
organization* and spatial sequestration of genes and their regulatory
elements®~, all of which may modulate the output and functional
state of the genome. A general approach for determining the spatial
organization of chromatin can aid in the identification of long-range
relationships between genes and distant regulatory elements as well as
in the identification of higher-order folding principles of chromatin
in general.

Chromosome conformation capture (3C)-based assays use formalde-
hyde cross-linking followed by restriction digestion and intramolecular

3

ligation to study chromatin looping interactions’~!2. 3C-based assays
have been used to show that specific elements such as promoters,
enhancers and insulators are involved in the formation of chromatin
loops>713-16, The frequencies at which loci interact reflect chromatin
folding”'7, and thus comprehensive chromatin interaction data sets
can help researchers build spatial models of chromatin.

Previously, chromatin conformation has been modeled using
polymer models®!® and molecular-dynamics simulations'®, which
have proven valuable for understanding general features of chromatin
fibers, including flexibility and compaction?%2!. However, such methods
only partially leverage the current wealth of experimental data on chro-
matin folding. Recently, experimentally driven approaches, in combi-
nation with computational modeling, have resulted in low-resolution
models for the topological conformation of the immunoglobulin
heavy chain??, the HoxA?3 loci and the yeast genome?. However,
those methods were limited by the resolution and completeness of the
input experimental data??, by insufficient model representation, scor-
ing and optimization??, or by limited analysis of the 3D models®*.

To overcome such limitations, we developed a new approach that
couples high-throughput 5C experiments® with the IMP2>. We applied
this approach to determine the higher-order spatial organization of
a 500-kilobase (kb) gene-dense domain located near the left telo-
mere of human chromosome 16 (Fig. 1a). Embedded in this cluster
of ubiquitously expressed housekeeping genes is the tissue-specific
o-globin locus that is expressed only in erythroid cells. This 500-kb
domain corresponds to the ENmO008 region extensively studied by the
ENCODE pilot project (Fig. 1b)*.

The o-globin locus has been used widely as a model to study the
mechanism of long-range and tissue-specific gene regulation!>26-30,
The a-globin genes are upregulated by a set of functional elements
characterized by the presence of DNase I-hypersensitive sites (HSs)
located 33 to 48 kb upstream of the £ gene. One of these elements, HS40,
is considered to be of particular importance3!-2, This element can act
as an enhancer in reporter constructs and its deletion greatly affects
activation of the o-globin genes?. HS40 is bound by several erythroid
transcription factors including GATA factors and NF-E2 (ref. 34).
Notably, previous 3C studies have demonstrated direct long-range
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Figure 1 ENCODE region ENmOO8 on human chromosome 16. (a) Map of ENmOO08, including the (-, u-, .2-, a1- and 6-globin genes. Genes are indicated
by gray lines above the linear representation. Vertical black lines indicate Hindlll restriction sites. Colored restriction fragments contain annotated genes.
Red, orange and green circles mark the HS40 sites, other a-globin-related HSs and CTCF sites, respectively. (b) ENCODE annotations for the ENmOOS8
region. RNA expression data, CTCF data, histone modification data (H3K4me3) and DNase | sensitivity data®6:57 are generated by the ENCODE project
(http://genome.ucsc.edu/ENCODE/). Red and blue bands indicate the ENCODE track intensity for K562 and GM12878 cell lines, respectively.

looping interactions between some of these distant functional elements
(HS48, HS46 and HS40) and the ai-globin genes upon gene activation
in mouse and human erythroid cells'>*°. Major unanswered questions
revolve around the higher-order folding of multi-gene domains such
as ENmO008, and how long-range interactions involved in regulation
of each of the resident genes are accommodated.

We obtained comprehensive interaction maps of the o.-globin locus
by performing 5C analysis of the ENmO008 region in GM12878 and
K562 cells. These two cell lines, which differ in the expression of the
o-globin genes, are studied by the ENCODE consortium, and there-
fore extensive chromatin structural and functional information for
ENmO0O08 is publicly available. We developed a general approach to
generate 3D chromatin models on the basis of chromatin interaction
data. Our models of the ENm008 domain in GM12878 cells show
that it forms a single compact structure, which we refer to as a ‘chro-
matin globule’ We find that active genes and promoters tend to be
located at the center of the globule, whereas inactive genes are more
peripherally positioned. Notably, in cells that express high levels of
o-globin (K562), the chromatin is broken into two globules sepa-
rated by an extended chromatin segment. We propose that sets of
neighboring active genes cluster to form chromatin globules, perhaps
analogous to transcription factories, and that a given globule can
accommodate only a limited number of active genes.

RESULTS

Our approach for determining the 3D conformation of genomic
domains consists of four steps (Supplementary Fig. 1): (i) data
collection by 5C experiments, (ii) data translation into points and
spatial restraints between them, (iii) model building by optimization
of the imposed restraints, and (iv) ensemble analysis of the optimal 3D
solutions. The following sections describe the results of each of these
key steps in our approach to 3D structure determination of the ENm008
region. A summary and further details of the methods are provided in
the Online Methods and Supplementary Methods, respectively.

5C analysis of ENm008
5C, described in detail before®3>, uses highly multiplexed ligation-
mediated amplification to detect sets of 3C ligation products. We

designed 5C primers at HindIII sites using computational algorithms
through our online My5C software package (http://my5C.umassmed.
edu/)*S. In total, 30 forward primers and 25 reverse primers were
designed throughout the 500-kb ENmO008 region, which were capable of
detecting 750 unique pairwise chromatin interactions (Supplementary
Table 1). The number of 5C ligation products, which corresponds to
pairs of interacting fragments, was determined by paired-end Solexa
sequencing. Consistent with previous analyses®?’, the 5C interaction
maps show prominent signals between sites located near each other.
Further, GM12878 cells show more abundant long-range interactions,
suggesting a more compact conformation than K562 cells (Fig. 2).

We determined the average relationship between genomic distance
(in kilobases) and interaction probability (average read count) using
the entire 5C data set (blue lines in 5C interaction profiles of Fig. 2).
This is important because this relationship can be used as an estimate
for the expected random collision frequency for pairs of loci in the
absence of specific looping interactions?” (Supplementary Fig. 2).
In K562 cells, we detected all previously known long-range looping
interactions between the active o.-globin genes and the upstream dis-
tant regulatory elements (HS48, HS46 and HS40), which interacted
up to six-fold more frequently than the estimated expected frequency
(Fig. 2b). Such frequent interactions were not present in GM12878
cells, which have a repressed o.-globin domain (Fig. 2a). Therefore,
K562 can serve as a model cell line to study the conformation of the
active o-globin locus, despite the fact that (i) these cells are trans-
formed and can be variable in karyotype and gene expression profile,
and (ii) primary erythroid cells could have a different chromatin con-
formation in this region.

Notably, novel long-range interactions were identified. For example,
in both cell types, HS46 interacted very frequently with a locus located
just downstream of the a-globin genes (3" end of LUC7L, which
encodes a RNA-binding protein similar to the yeast Luc7p). This
downstream locus, in turn, interacted more frequently than expected
with a region located within the more distant AXIN1I gene. The nature
of the elements involved in these interactions is currently unknown,
although it is noteworthy that all the interacting fragments contain
sites bound by the CTCF protein (Fig. 1), which is often involved in

long-range interactions!.
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Figure 2 5C analysis of the 500-kb ENCODE
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defined by the IMP calibration, which was
carried out in two steps. First, 5C counts were
normalized by log,, transformation and Z-score computation from
the average and s.d. of all log;, values in the interaction matrix. A
Z-score indicates how many s.d. a measure is above or below the
mean of the measure. Second, two linear relationships were defined
linking 5C Z-scores to spatial distances for restraining pairs of frag-
ments: (i) two neighbor fragments (i to i + 1...2) were restrained on
the basis of the linear relationship between the 5C Z-scores and the
sum of the excluded volume occupied by the nucleotides between the
centers of the two fragments (Supplementary Table 1), and (ii) two
non-neighbor fragments (i to i + 3...n) were restrained on the basis of
the relationship bound by an empirically determined closest possible
distance between two non-interacting fragments and the excluded
volume of a canonical 30-nm fiber (Supplementary Fig. 3). These two
linear relationships between 5C Z-score and spatial distances relied on
the following assumptions: (i) the different 5C Z-score distributions
between neighbor and non-neighbor fragments reflected their dif-
ferent response in 5C experiments>’; (ii) consecutive fragments were
spatially restrained proportionally to the occupancy of their chro-
matin fragments, with a relationship of 0.01 nm per base pair (bp),
assuming a canonical 30-nm fiber%; and (iii) two non-neighbor frag-
ments could not get closer in space than 30 nm, which corresponds to
the diameter of the chromatin fiber. Even though the precise diameter

Genomic coordinate

Genomic coordinate

of the chromatin fiber in vivo is unknown and probably fluctuates, it
has been shown that the observed looping frequencies from 5C experi-
ments in human cells are consistent with a 30-nm fiber°. Moreover,
the assumption that chromatin adopts a 30-nm fiber affects only the
final scale of the resulting 3D models, which is controlled by the
excluded volume assigned to the fragments. The results from our FISH
experiments (below) indicated that the use of 0.01 nm per bp resulted
in models of the appropriate scale. Finally, the values of two Z-score
cutoffs were also optimized and defined the type of restraint imposed
between two non-neighbor fragments. The optimal parameters found
were as follows: for GM 12878 cells, 500 nm for the lowest Z-score, a
Z-score of -0.2 for the lower-bound cutoff and a Z-score of 0.1 for the
upper-bound cutoff; for K562 cells, 400 nm for the lowest Z-score, a
Z-score of —0.1 for the lower-bound cutoff, and a Z-score of 0.9 for
the upper-bound cutoff (Supplementary Methods).

All 70 fragments representing the studied region were restrained
with a total of 1,520 and 1,049 restraints for GM12878 and K562
cells, respectively (Supplementary Fig. 3). The forces applied to the
defined restraints were also set proportional to the absolute value of
the 5C Z-score observed between a pair of fragments. That is, the
more extreme the Z-score, the stronger the force constant applied
to the restraint. By making the harmonic forces proportional to
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Generation of spatial models of ENm0038

Once the restraints had been defined, IMP generated a 3D model
of the ENmO008 region by searching for a spatial arrangement of
all points that minimized the violation of the imposed restraints
(Supplementary Fig. 3¢,d). Thus, IMP expressed the problem of
determining the chromatin structure as an optimization problem,
assuming that the conformation of the locus is largely determined
by chromatin interactions within the locus. The absence of strong
interactions outside the locus comparable in frequency to the ones
we observed within the locus was recently confirmed by Hi-C,
a method that couples proximity-based ligation with massively
parallel sequencing to probe the three-dimensional architecture
of whole genomes!2.

Starting from randomly positioned points within a cube of side
length 1 um, IMP iteratively moves all points so as to force them to a
conformation that minimally violates the imposed restraints. Given
that the 5C analyses are population averaged, the 3D models gener-
ated by IMP can represent only the macroscopic state of the system
and thus result in an ensemble of solutions reflecting the variability
of chromatin conformation“’. It is important to note that the 3D posi-
tions obtained by IMP correspond to points representing the center
of the ligation positions designed as part of the 5C experiments. The
path between points shown in our 3D models does not necessarily
correspond to the path that chromatin may follow in vivo.

A total of 50,000 models were generated for each cell type, which
ensured a fair coverage of the search space. We then selected the 10,000
models with the least number of violated restraints to be clustered
according to their structural similarity (Supplementary Methods).

Fragment

GM12878 models clustered in a total of four different conformations
(Fig. 3a). The first- and second-most-populated clusters contained
the conformations with the lowest IMP objective function, indicating
that a minimum in the search space was found for most of the inde-
pendent runs. This shows that (i) 5C data are sufficient for uniquely
identifying a set of dominant conformations, and (ii) the top two
clusters represent topological mirror solutions, providing further
confidence in the results.

Models obtained for K562 cells formed a more variable set of solu-
tions, with a total of 393 different structure clusters, including ten large
clusters with more than 150 solutions each and 194 clusters with less
than ten solutions each (Fig. 3b). The large number of clusters with
few members may represent a diverse set of local minima conforma-
tions that partly satisfy the K562 5C interaction data. Such diverse
solutions could reflect a more variable chromatin conformation of
the domain in K562 cells, perhaps related to variable karyotypes and
gene expression in individual cells in this cancer-derived cell line. It is
important to note that even though we selected representative clusters
to describe key properties of the o-globin locus structure (below),
only the ensemble of all solutions from the top clusters reflected the
range of multiple distinct conformations that may be present in the
cell population.

We studied whether the different conformations we observed for
individual models within a cluster of solutions could be considered
locally consistent (Fig. 3c). Such analysis allowed us to identify
local regions in the structures that were conserved for most of the
pairwise structure alignments between the models in the selected
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Figure 4 3D models of the ENmOO8 ENCODE region containing the
a-globin locus. (a) 3D structure of the GM12878 models represented

by the centroid of cluster 1. The 3D model is colored as in its linear
representation (Fig. 1a). Regulatory elements are represented as spheres
colored red (HS40), orange (other HSs) and green (CTCF). (b) 3D
structure of the K562 models represented by the centroid of cluster 2.
Data are represented as in panel a. (c) Distances between the a-globin
genes (restriction fragments 31 and 32) and other restriction fragments
in ENmOOS8. The plot shows the distribution and s.d. of the mean of
distances for GM12878 models in cluster 1 (blue) and K562 models in
cluster 2 (red). (d) Average distances (and their s.e.m.) between a pair

of loci located on either end of the ENmOO8 domain, as determined

by FISH with two fosmid probes (see Online Methods) and from a 2D
representation of the IMP-generated models in both cell lines.

(e) Example images obtained with FISH of GM12878 and K562 cell lines.
The images show smaller distances between the probes in GM12878 than
in K662 cell lines.

cluster. GM 12878 models were locally consistent; only one fragment
(reverse 21) of these models did not have a consistent local conforma-
tion (that is, not superimposable within 150 nm for more than 75%
of the models). In K562 cells, as many as 82% of the fragments were
consistent across the models. This analysis shows that even in the
more variable K562 models most of the region contains conserved
local features, and that the diversity is the result of variable position-
ing of only a small minority of fragments (18%).

Models reproduce known long-range interactions

We determined whether the 3D models reflected the known long-
range interactions involving the a-globin genes (Fig. 4). We used the
selected cluster of models to calculate the average distance between
the restriction fragment containing the a-globin genes and other
restriction fragments in ENm008 in both GM12878 and K562 cells.
Restriction fragments containing the enhancer (HS40) and a-globin
genes were closely juxtaposed in K562 cells (159.1 = 13.3 nm). In
contrast, HS40 was the only fragment that was located farther from
the o-globin genes in the inactive GM 12878 cells (228.2 £ 17.3 nm)
than in K562 cells; all other fragments in GM12878 cells were
located closer to the o.-globin genes (Fig. 4c). These observations
are consistent with previous 3C experiments showing that strong inter-
action between HS40 and the a-globin genes is evident only when
the genes are expressed.

Validation by fluorescence in situ hybridization

We used an independent method, fluorescence in situ hybridization
(FISH), to validate a particular aspect of our 3D models for the ENm008
region. For small genomic domains such as the one studied here, deter-
mining the spatial positions of individual restriction fragments within
the domain by FISH is not straightforward given the resolution of
light microscopy, which is limited to ~200 nm. However, the models
of the ENm008 domain predict that the locus is in a more extended
conformation in K562 cells than in GM 12878 cells, which would lead
to a greater average 2D interphase distance between the ends of the
500-kb locus. Prior work has demonstrated that this distance is large
enough to be measured by interphase mapping with FISH4!.

We found that in GM12878 these loci were on average 318.8 + 17.0 nm
apart, whereas in K562 cells they were 391.9 * 23.4 nm apart.
These differences, which are statistically significant (P < 0.011),
show that in K562 cells the locus is in a more extended conforma-
tion, consistent with the models generated by IMP, in which the 2D
distances (that is, without considering the orientation of the model)
were 198.9 + 0.7 nm and 434.6 £ 1.4 nm for GM12878 and K562
models, respectively (Fig. 4d,e).
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Formation of chromatin globules

A noteworthy feature observed in both cell lines was the formation
of compact chromatin clusters, which we termed chromatin globules.
In GM12878 cells, the ENmO008 region forms a single chromatin
globule, whereas in K562 cells, the locus forms two chromatin globules
(Fig. 4a,b and Supplementary Videos 1 and 2). This large-scale
difference in conformation between the two cell lines is also evidenced
by the contact-map differences between GM12878 and K562 models
(Fig. 5a). The heat map shows that most distances in GM 12878 are
smaller than in K562 cells, consistent with the formation of a single
compact chromatin globule. However, also consistent with the 5C data,
the o-globin genes and the distant regulatory elements are closer in
space in K562 cells than in GM12878 cells (red areas in Fig. 5a).

To explore whether these globules have some degree of internal
organization, we determined the locations of genes and putative regu-
latory elements within the chromatin globules. We measured the radial
positions of active genes, gene promoters, HSs, sites bound by CTCF
and sites marked with trimethylated histone H3 Lys4 (H3K4me3) by
calculating the average distance between each corresponding restric-
tion fragment and the geometrical center of the globules. Notably, we
found that in the IMP models from both cell types, active genes and
gene promoters are enriched near the center of the globule, whereas
inactive genes and restriction fragments that do not contain genes are
more peripheral (Fig. 5b). In contrast, HSs, CTCF-bound sites and
sites marked by H3K4me3 are not preferentially located in the center,
but are found throughout the globules.

In GM 12878 cells, we visually identified nine loops ranging from
about 20 to 70 kb long, with an average length of ~50 kb, an average
distance between anchors of 102.8 £ 5.1 nm and an average path
length of 547.9 + 96.9 nm (Fig. 5¢). In K562 cells, the locus forms two
chromatin globules (five loops and two loops, respectively) ranging
from about 30 to 70 kb, with an average length of ~60 kb, an average
distance between anchors of 231.2 + 129.2 nm (190.6 + 43.5 nm not
considering loop 6 connecting the two globular domains) and an aver-
age path length of 600.1 +90.2 nm. Because our experiments covered
only the ENmO08 region, we were not able to determine whether the
second chromatin globule observed in K562 cells contained additional
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Figure 5 Analysis of chromatin globules. (a) Frequency contact map differences between models in cluster 1 of GM12878 cells and cluster 2 of K562
cells. Differential expression levels are shown next to the 1D representation of the ENmOOS8 on each axis of the plot. (b) Relative abundance of different
ENmOOS fragment types, plotted against the center of the chromatin globule, for GM12878 (upper plot) and K562 (lower plot). Plots show cumulative
relative abundance of annotations versus radial position in the globule. Active genes and promoters are enriched in the center. (¢) Observed loops in

the centroids of selected clusters for GM12878 (top) and K562 (bottom) models. The loops are placed over the 1D representation of the ENm0O08
region (Fig. 1a). Loop height is proportional to the path length of the loop. Loops are colored according to the distance between the anchor points (dark,
near; light, far). Loop sizes in kilobases (kb) are indicated at the tip of each loop. (d) Chromatin density for the ensemble of solutions in cluster 1 of
GM12878 models (blue) and cluster 2 of K562 models (red). HSs are shown next to the 1D representation of the ENmOOS8 on the x axis of the plot.

genes beyond the LOC100134368, DECR2 and RABIIFIP3 genes.
Overall, the models suggest that chromatin is organized around chro-
matin globules, with rosettes of 50- to 60-kb chromatin loops and
centers enriched with active genes and their promoters.

Estimates of chromatin compaction based on spatial models
Chromatin across the ENmO008 region was not uniformly dense, as
determined by the contour length of the chromatin fiber (Fig. 5d). As
expected, the average chromatin path was much denser than that of
naked DNA, which is about 3 bp nm~!. We found that the telomere-
proximal end of ENmO008, which contains the highest density of active
genes as well as most of the regulatory elements (as estimated from
the density of HSs; Fig. 1b), has chromatin fiber compaction that cor-
responds to ~50 bp nm~. In contrast, the telomere-distal region has a
denser chromatin region (~100 bp nm™1). Notably, GM 12878 cell mod-
els result in a less dense chromatin fiber, on average, despite folding into
a single chromatin globule. However, the region containing the HS40
enhancer of a-globin genes is more compact, on average, in GM12878
cells than in K562 cells, consistent with the predicted relationship
between transcription and formation of more open chromatin.

Local chromatin features and three-dimensional folding

The analysis of chromatin compaction shows how our models can
reveal new insights into spatial relationships between distant 1D
annotations and their 3D conformation. To further demonstrate this,
we have generated tracks for the UCSC Genome Browser#? showing
the interaction frequency maps resulting from our 5C experiments
and 3D models (Supplementary Fig. 4). These tracks allow direct
visualization of spatial relationships between widely spaced genomic
elements in the context of all publicly available 1D genome annota-
tions. For instance, we find that the a-globin genes are spatially close
to a region containing the genes POLR3K and MPG near the left end
of the region. Both interacting regions are transcriptionally active
and marked by histone modifications associated with open chroma-
tin (for example, di- and trimethylated histone H3 Lys4 (H3K4me2,
H3K4me3) and acetylated H3 and H4 (H3ac and H4ac)). This is

consistent with our observation that active genes tend to form the
cores of the chromatin globules, a pattern that has also been suggested
in previous work showing association between active genes!%15:43,

DISCUSSION

Here we have combined high-throughput in vivo chromatin interac-
tion mapping with the IMP to characterize the higher-order chromatin
conformation of the ENmO008 region containing the o.-globin domain
in cells that do or do not express the globin locus. The 5C data and the
3D models derived from them accurately reflect the known long-range
interactions between the o.-globin genes and their distant regulatory
elements, validating our approach. Furthermore, we have identified a
higher-order chromatin folding motif in which groups of adjacent genes
cluster to form chromatin globules. Analysis of the internal architecture
of the globules revealed that active genes are enriched in the cores of
these structures. These observations suggest that chromatin globules
may represent subnuclear structures dedicated to gene expression, per-
haps related to the clustering of shared transcription machineries.

Formation of chromatin globules

A chromatin globule forms a rosette-like structure with loops of
~50-60 kb, an average path length of 500-600 nm and a distance
between anchors of 100-200 nm. Such spatial organization is consist-
ent with the ‘multi-loop subcompartment’ model, which proposes
that chromatin is folded into rosettes of small loops, with the rosettes
connected by linkers of variable size?>**. Notably, FISH experi-
ments have also revealed that chromatin can form strings of globular
domains of around the same size (in kilobases) as the globules identi-
fied here®>. The type and function of proteins involved in maintaining
these chromatin globules are unknown.

It has been proposed that active genes interact at discrete sites
(also called transcription factories) where several RNA polymerases
are concentrated“®. It is still unresolved whether such transcription
machineries are a consequence or cause of transcription of gene clus-
ters in the nucleus*’. However, it has been observed by EM that these
sites of transcription can range from 45 to 100 nm in diameter4®48-51,
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Figure 6 Diagram of the proposed chromatin-globule model for higher-
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and they include a limited number of active RNA polymerases (about
eight) as estimated from the number of nascent RNA molecules*°.
Our models agree with these estimates. The first chromatin globule in
our K562 models, which includes the o.-globin genes as well as other
nearby housekeeping genes, wraps around a cavity with an average
diameter of ~100-110 nm, which would fit a hypothetical transcrip-
tion factory.

Of particular interest is our observation that the ENm008 region
forms a single large chromatin globule in GM12878 cells, but two
smaller globules in K562 cells. The major difference between these
two cell lines is the expression of the o-globin gene cluster, which
is actively transcribed in K562 cells. In GM12878 cells, only six or
seven genes are actively transcribed in the ENmO008 region, which
would all fit within one transcription factory. In contrast, in K562
cells, the additional activity of the o-globin genes seems to exceed
the capacity of a single transcription factory, with about ten genes
being actively transcribed. We entertain the idea that the number
of active genes that can cluster to form a chromatin globule may be
limited to only around eight genes, which would be consistent with
the elongated-beaded structures of active chromatin regions observed
by light microscopy*>>2. This is a highly speculative idea, however,
and it is also possible that the extended conformation in K562 cells is
related to the transformed state of this cell line. Further experiments
are needed to shed light on the determinants of globule formation.

From our models, we cannot say whether these chromatin globules
self-assemble around genes sharing common transcription machineries,
actively assemble on demand or already exist as a complex fixed to
an as-yet-unknown underlying nuclear substructure. It has been pro-
posed that transcriptionally active regions may attain increased chro-
matin mobility®. It is noteworthy that the K562 models have higher
variability and lower consistency than models from GM12878 cells,
which could relate either to the region being broken into two globules
or to the fact that the region is more transcriptionally active overall.

Chromatin density

Even for transcriptionally active regions, chromatin is about 400-
to 1,000-fold more compact than the 30-nm fiber®3. Therefore,
decondensation of chromatin may be transient>*. We observed for
both cell lines that transcriptionally inactive regions were, on average,
about twice as dense as regions containing either transcribed genes or
their regulatory elements. Notably, the region including HS40, HS46

TECHNICAL REPORTS

and HS48 was denser, on average, in GM12878 than in K562 cells,
whereas the other regions we studied were denser, on average, in K562
than in GM12878 cells. Our results indicate that chromatin under-
goes a certain amount of decondensation when genes are expressed>°.
This shows that 5C experiments, reflected by our models, are able to
capture such subtle differences.

A chromatin-globule model

Our 3D structures suggest a model for higher-order chromatin fold-
ing based on the formation of chromatin globules (Fig. 6). Chromatin
globules would be spatially separated and would form by clustering of
a limited number of actively transcribed genes. Within the context of
the chromatin globules, our analysis identified specific long-range inter-
actions between genes and their regulatory elements, as well as novel
interactions between sites bound by CTCE The potential roles of such
regulatory elements in globule formation are currently unknown.

The discovery of chromatin globules shows that our models can
reveal novel higher-order features of chromosome architecture. Our
3D models for the ENm008 region are in agreement with (i) our
own FISH experiments validating the models’ overall size and shape,
(ii) previously described biological phenomena such as the clustering
of active genes, and (iii) local chromatin structural features from the
ENCODE consortium such as DNase I sensitivity. By revealing the
relative spatial arrangements of genes and their regulatory elements,
our approach could further leverage large-scale efforts to annotate
genes and regulatory elements along the linear genome.

METHODS
Methods and any associated references are available in the online
version of the paper at http://www.nature.com/nsmb/.

Note: Supplementary information is available on the Nature Structural & Molecular
Biology website.
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ONLINE METHODS

5C analysis of the ENm008 region. 5C primers were designed at HindIII
restriction sites using 5C primer design tools we previously developed® and
made available online at http://my5C.umassmed.edu/ (ref. 36). Reverse primers
were designed for fragments overlapping a known transcription start site from
GENCODE transcripts®, or overlapping a start site experimentally deter-
mined by CAGE-tag data of the ENCODE pilot project!. Forward primers were
designed for all other HindIII restriction fragments. Primers were excluded
if highly repetitive sequences prevented the design of a sufficiently unique
5C primer. Primer design thresholds were as follows: U-BLAST, 3; S-BLAST,
130: 15-MER, 1320; MIN_FSIZE, 40; MAX_FSIZE, 50000; OPT_TM, 65;
OPT_PSIZE, 40. The DNA sequence of the universal tails of forward primers
was 5-CCTCTCTATGGGCAGTCGGTGAT-3"; the DNA sequence for the uni-
versal tails of reverse primers was 5-AGAGAATGAGGAACCCGGGGCAG-3'.
A six-base barcode was included between the specific part of the primers and
the universal tail. In total, 26 reverse primers and 30 forward primers were
designed (Supplementary Table 1). Note that reverse primers 31 and 32 rec-
ognized identical sequences corresponding to the two HindIII fragments that
contained the identical HBA1 and HBA2 genes. Therefore, we combined 5C data
obtained with these two primers. As a result, the effective number of reverse
primers was 25. Forward and reverse 5C primers were distributed homogene-
ously along the ~500-kb ENmO008 region. This resulted in a 5C interaction map
that is evenly populated, which made the data particularly well suited for 3D
modeling approaches. Primer sequences are available as supplementary informa-
tion (Supplementary Data 1).

We performed 3C with HindIII as described?, using exponentially growing
GM12878 and K562 cells. We then performed 5C in 20 reactions, each containing
an amount of 3C library that represents 200,000 genome equivalents. We amplified
5C ligation products using a pair of universal primers that recognize the com-
mon tails of the 5C forward and reverse primers. To facilitate paired-end DNA
sequence analysis on the Illumina GA2 platform, we ligated paired-end adapters
to the 5C library using the Illumina PE protocol. The ENm008 5C library was then
sequenced on the Illumina GA2 platform together with 14 other (unrelated) 5C
libraries. For K562 cells, we obtained 31,331,096 paired-end reads of 36 bases each,
of which 25,452,766 could be mapped back to specific libraries using Novoalign
(http://www.novocraft.com/). A total of 131,947 paired-end sequences were
specifically mapped to interactions within ENm008 (Supplementary Data 2).
For GM 12878 cells, we obtained 29,222,267 paired-end reads of 36 bases each, of
which 25,081,876 could be mapped back to specific libraries. A total of 182,989
paired-end sequences were specifically mapped to interactions within ENm008
(Supplementary Data 3). The 5C data for K562 cells represent the spatial confor-
mation of 19,589 genome equivalents (the largest number of reads obtained for a
single restriction fragment) up to 131,947 genome equivalents (the total number of
reads obtained for all fragments in K562 cells). The 5C data for GM12878 cells rep-
resent the spatial conformation of 20,314 genome equivalents (the largest number
of reads obtained for a single restriction fragment) up to 182,989 genome equiva-
lents (the total number of reads obtained for all fragments in GM12878 cells).

Fluorescence in situ hybridization analysis of the ENmO008 region. Our standard
protocols for cell fixation and in situ hybridization have been described™®, as

have the measurement and analysis of FISH signals to determine interphase
distances*!. Briefly, for fixation of the cell suspensions studied here, cells were
attached to coverslips coated in either polylysine or BD Cell-TaK cell and tissue
adhesive (BD Biosciences), extracted in CSK buffer with 5% (v/v) Triton for
3 min and fixed in 4% (w/v) paraformaldehyde for 10 min, then stored in 70%
(v/v) ethanol. Probes used for FISH analysis were globin-1 and globin-2 genomic
sequences, which covered fragments 6 to 14 and 58 to 62, respectively. Probes
were nick-translated with either biotin-11-dUTP or digoxigenin-16-dUTP
(Roche Diagnostics). After being denatured in 70% (w/v) formamide and 2x
saline sodium citrate (SSC; EMD Chemicals) at 75 °C for 2 min, cellular DNA was
hybridized with 2.5 j1g ml~! of probe overnight at 37 °C in 2x SSC and 50% (w/v)
formamide. Cells were washed three times for 20 min each, and then probes were
detected using either anti-digoxigenin bound to fluorescein (Roche Diagnostics)
or Alexa Fluor 594 Streptavidin (Invitrogen) in 1% (w/v) BSA and 4x SSC for
1 h at 37 °C; this was followed by three 10-min rinses. Cells were counterstained
with the DNA dye DAPI.

We captured digital images with an Axiovert 200 or an Axiophot Zeiss
microscope equipped with a x100 PlanApo objective (NA 1.4) and Chroma
83000 multi-band-pass dichroic and emission filter sets, set up in a wheel to
prevent optical shift. Images were captured with the Zeiss AxioVision software
and either an Orca-ER camera or a 200-series Photometrics cooled charge-
coupled device (CCD) camera. Measurements were taken using the length
measurement tool within the AxioVision software, version 4.7. The distances
between at least 100 red-green signal pairs for each cell line, measured from
the center of red signal to that of the green signal, were obtained as described*!.
Presumptive G2 cells, with closely spaced doublet spots of the same color
signal, were not measured.

We used two fosmid probes that recognize either end of ENmO008 to determine
the 2D spatial distance between the corresponding positions in both cell lines.
The fosmid probes map to positions 34,512-77,058 and 386,139-425,502 on
chromosome 16 (Supplementary Table 1).

Integrated modeling platform. Structure determination by IMP consists of four
main steps: data generation by experiment, translation of the data into spatial
restraints, building of an ensemble of structures by satisfaction of these restraints,
and analysis of the ensemble to produce the final structure. The Supplementary
Methods and Supplementary Figures 5 and 6 describe in detail all methods used in
each of the four mains steps of our approach, including: (i) 5C data normalization,
(ii) IMP model representation, scoring function and parameter optimization,
(iii) model building with IMP, (iv) model ensemble analysis and deconvolution, and
(v) model visualization with Chimera®. Tabulated text files of data used to
construct contact maps are provided in Supplementary Data 4-7
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