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SUMMARY

The immunoglobulin heavy-chain (Igh) locus is orga-
nized into distinct regions that contain multiple vari-
able (Vy), diversity (Dy), joining (Jy) and constant
(Cp) coding elements. How the Igh locus is structured
in 3D space is unknown. To probe the topography of
the Igh locus, spatial distance distributions were de-
termined between 12 genomic markers that span the
entire Igh locus. Comparison of the distance distribu-
tions to computer simulations of alternative chro-
matin arrangements predicted that the Igh locus is
organized into compartments containing clusters of
loops separated by linkers. Trilateration and triple-
point angle measurements indicated the mean rela-
tive 3D positions of the Vy, Dy, Ju, and Cy elements,
showed compartmentalization and striking confor-
mational changes involving V, and Dy-Jy elements
during early B cell development. In pro-B cells, the
entire repertoire of Vy regions (2 Mbp) appeared to
have merged and juxtaposed to the Dy elements,
mechanistically permitting long-range genomic in-
teractions to occur with relatively high frequency.

INTRODUCTION

It is well-established that higher order chromatin organization
plays a pivotal role in genome function (Cremer and Cremer,
2001). For more than a century, the organization of chromosomes
and its functional implications in eukaryotes have been exten-
sively studied using light microscopy (Rabl, 1885; Bover, 1909).
Electron micrographs of chromosome spreads have suggested
the presence of loops, with sizes of ~90 kbp, that interact with
a postulated nuclear matrix and aggregate during mitosis into

rosettes containing ~18 loops, resulting in ~100 rosettes per av-
erage chromosome (Paulson and Laemmli, 1977; Paulson, 1988;
Pienta and Coffey, 1984). Similar rosette-like structures have
been detected in interphase cells (Okada and Commings, 1979).

As a first approach to resolving chromosome conformation,
fluorescence in situ hybridization studies, measuring spatial dis-
tances in interphase nuclei between genomic markers as a func-
tion of genomic separation, suggested a random walk behavior
(Trask et al., 1991). However, confinement of chromosome
arms and bands to territories indicated the presence of spatial
constraints. More recent observations showed that the spatial
distance depends on the genomic distance according to a power
law with exponents of 0.5 below and 0.32 above a genomic sep-
aration of 4 Mbp (Trask et al., 1993; Warrington and Bengtsson,
1994; Sachs et al., 1995; Milinkel and Langowski, 1998). The con-
straints and the scaling behavior suggested a Random-Walk/
Giant-Loop (RW/GL) configuration (Sachs et al., 1995; Yokota
et al., 1995). In the RW/GL model, the 30 nm fiber forms 2 to 5
Mbp loops that are attached to a polymer backbone. The back-
bone and the chromatin fiber within the loops follow random
walk dynamics. However, distance measurements between
genetic markers with genomic separations of less than 4 Mbp
were incompatible with the RW/GL model, but were consistent
with another topology, named the Multi-Loop-Subcompartment
(MLS) model (Miinkel and Langowski, 1998; Knoch, 2002). The
MLS model proposes that the 30 nm fiber is folded into rosettes
of small loops, connected by linkers of variable sizes.

Recently computer models have been developed to evaluate
and test experimental results, designs and hypotheses about the
three-dimensional genome organization (Knoch et al., 2000;
Knoch, 2002). Beyond supporting the chromatin organization
into chromosome territory, arm and band domains, these simula-
tions may reveal how the local, global and dynamic characteristics
of cellnuclei are inter-connected (Knoch et al., 2000; Knoch, 2002).

How genes are regulated by spatial rearrangement has been
a topic of intensive study. In prokaryotes, transcriptional
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enhancers act through looping or tracking along the intervening
DNA (Herendeen et al., 1992; Rombel et al., 1998). In eukaryotic
cells, chromatin compaction and looping, the presence of DNase
| hypersensitive sites at regulatory elements, including transcrip-
tional enhancers, insulators and locus control regions, influence
gene expression over large genomic distances (Banerii et al.,
1981). The globin locus control region was shown to act over
a large distance by looping the intervening region and physically
associating with actively transcribing B-globin genes (Carter
etal., 2002; Tolhuis et al., 2002). Other loci also have been shown
to bring distant enhancer elements into proximity of promoter re-
gions by looping, including the Th2 cytokine locus and the inter-
feron gamma gene (Spilianakis and Flavell, 2004; Eivazova and
Aune, 2004).

The murine immunoglobulin heavy-chain locus (Igh), spanning
3 Mbp, is organized into distinct segments encoding the variable
(V), diversity (Dy), joining (Jy), and constant (Cy) regions. Eight
constant regions encode the various isotypes, C,, C; C4
C,2a, Cy2p, Cy3, C,, and C,. Twelve Dy and four Jy segments
are positioned immediately upstream of the C,, region. There
are approximately 100 functional Vi, gene segments that belong
to fifteen partially interspersed families (Brodeur and Riblet,
1984). The Vy, Dy and Jy coding elements are each flanked by
recombination signal sequences (RSSs) that act as recognition
elements for the V(D)J-recombinase, comprised of RAG1 and
RAG2 (Schatz and Spanopoulou, 2005; Jung et al., 2006).

The Ig heavy- and Ig light-chain genes undergo ordered rear-
rangement during B-lineage development (Alt et al., 1984). In
pro-B cells, Dy to Jy rearrangement precedes Vi, to Dy joining.
Once an in-frame V(D)J joint has been generated, a pre-B cell re-
ceptor is formed, suppressing RAG1/2 activity, and preventing
continued Igh gene rearrangement. Fluorescence in situ hybrid-
ization analysis has demonstrated that in B-lineage cells, the Igh
locus undergoes substantial contraction and looping (Kosak
et al., 2002; Fuxa et al., 2004; Roldan et al., 2005; Sayegh
et al., 2005). Despite these observations, how the Igh chromatin
fiber is organized in 3D space prior to the onset of DNA recom-
bination remains to be resolved. Here, we have used spectral
high precision epifluorescence microscopy to determine spatial
distance distributions between 12 genomic markers that span
the entire Igh locus. These data were analyzed to provide a statis-
tical description of the Igh locus architecture.

In summary, the data revealed the average relative 3D posi-
tions of the Vy, Dy, Jy and Cy elements, indicated the presence
of chromatin territories and showed striking conformational
changes in Igh topology during early B cell development. In
pro-B cells, the entire repertoire of V, elements (2 Mbp) seemed
to have merged to be positioned in close proximity to the Dy
elements, mechanistically permitting long-range genomic inter-
actions to occur with relatively high frequency.

RESULTS

Methodology for High-Resolution Spatial Distance
Measurements between Genomic Markers

in B-lineage Cells

To determine the 3D architecture of the Igh locus, the spatial dis-
tances separating multiple markers located throughout the locus
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were measured as described previously (Solovei et al., 2002;
Sayegh et al., 2005). Two cell types were used in these studies:
(1) E2A-deficient pre-pro-B cells were examined, since these
cells are arrested at the pre-pro-B cell stage and have not yet
committed to the B cell lineage (lkawa et al., 2004). (2) RAG2-
deficient pro-B cells were chosen since they are committed to
the B cell lineage but, unlike wild-type pro-B cells, carry the Igh
locus in germ-line configuration (Shinkai et al., 1992). Pre-pro-B
cells and pro-B cells were fixed, permeabilized and hybridized
with two 10 kbp probes and a BAC probe, located 3’ of the Igh
locus (Figure 1A and Figure S1 available online). Although the
intensity varied, the fluorescent signals emitted by the 10 kbp
probes were clearly detectable (Figure S1). The effective resolu-
tion (‘Resolution equivalent’, see supplemental materials and
methods) we obtained using two different colors ranged from
35 to 47 nm for the different combinations of the fluorochromes
(Tables S1 and S2). Thus, this approach allowed us to measure
spatial distances with a 3D resolution better than 50 nm.

3D Architecture of the Immunoglobulin

Heavy-Chain Locus

To dissect the topology of the Igh locus, spatial distances were
measured between an anchor, BAC probe RP23-201H14, which
served as a marker located down-stream of the Igh locus and
eleven 10 kbp probes that span the entire locus (Figure 1A).
The average spatial distances separating the anchor RP23-
201H14 and the markers located within the Cy region cluster
(h2 and h3) increased as a function of genomic separation (Fig-
ures 1B and 1C; Table S1). In pre-pro-B cells, the DNA spanning
the Igh locus was 100-1000 fold more compacted as compared
to linear DNA, which spans about 3.4 nm per ten bp (Table S1).
Pro-B cells showed higher compaction values, which were
particularly striking in the distal Vy cluster (1284-fold versus
2059-fold between RP23-201H14 and h11) (Table S1). In both
pre-pro-B and pro-B cells the spatial distances flattened upon
increasing the genomic distance (Figure 1C).

To examine Igh topology in nonlymphoid cells, the spatial dis-
tances as a function of genomic separation in C57BI/6 embry-
onic fibroblasts were determined. In embryonic fibroblasts the
average spatial distances separating the anchor and the markers
located within the Cy region increased substantially as a function
of genomic separation when compared to those observed in pre-
pro-B and pro-B cells (Figures S2A and S2B). Thus within this re-
gion the chromatin fiber appears to be substantially less com-
pacted as compared to lymphoid cells. These data indicate
that the Igh locus shows substantial compaction in pre-pro-B
cells as compared to nonlymphoid cells, and becomes even
more condensed in pro-B cells. Strikingly, however, the spatial
distances plateau beyond the Dy elements as a function of
increased genomic separation in all three cell-types.

To examine the architecture of a genomic region distinct from
that of the Igh locus, spatial distances were measured as a func-
tion of genomic separation using the RP23-201H14 BAC probe
as an anchor and using genomic markers located toward the
centromere. The spatial distances again flattened with the topol-
ogy in pro-B cells being more condensed compared to pre-pro-
B cells (Figure S2C). However, for genomic distances larger than
4 Mbp the spatial distances in pre-pro-B and pro-B cells merged
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Figure 1. Immunoglobulin Heavy-Chain Locus Spatial Distances and Spatial Distributions as a Function of Genomic Separation in Pre-Pro-B

and Pro-B cells

(A) Genomic organization of the Igh locus. The anchor and the genomic markers used are indicated.

(B) Frequency plots showing the distribution of spatial distances between the probes and the anchor (RP23-201H14). Cumulative frequency distributions are
indicated for both pre-pro-B and pro-B cells.

(C) Average spatial distances were plotted as a function of genomic separation. Distal and proximal variable regions as well as diversity, joining and constant
region segments are shown. Bars indicate standard error. The dotted lines only indicate connectivity. The arrow indicates the position of the intronic enhancer.
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(Figure S2C). In summary, these data indicate: (1) The Igh locus
assumes different 3D architectures in fibroblasts, pre-pro-B and
pro-B cells. (2) The spatial distances plateau as the genomic
separation increases.

Long-Range Genomic Separation but Similar
Spatial Distances
To determine the spatial distances separating the DpJy elements
from the proximal and distal Vi, regions, probe h4, containing the
Dpdy elements, was used as a second anchor (Figures 2A-2D).
The average spatial distances between the DpJy elements and
the proximal Vy regions (h5 to h8) were similar for pre-pro-B
and pro-B cells (Figures 2C and 2D; Table S1). In contrast, the
spatial distances separating the distal V (h9 to h11) and Dnydy
regions were substantially reduced in pro-B cells as compared
to pre-pro-B cells (Figure 2D). Remarkably, although separated
by large genomic distances, the spatial distances separating the
proximal and distal V', regions from the DyJy cluster were similar
in pro-B cells (Figure 2D). In fact, the most distal Vi regions were
positioned at slightly smaller spatial distances from the Dpdy
elements than the majority of the proximal V regions (Figure 2D).
There are also differences in the spatial distance distributions
observed for pre-pro-B and pro-B cells (Table S1). The standard
deviations were substantially higher in RAG-deficient pro-B cells
for the spatial distances separating the majority of the Vy
elements from the Dy-Jy elements (h4-h6, h4-h7, h4-h8, and
h4-h9) even though the spatial distances were smaller (Table S1).
Collectively, these data show: (1) During the transition from the
pre-pro-B to the pro-B cell stage, the Igh locus is remodeled to
position the entire set of Vy regions at similar distances to the
Dpdy elements. (2) The chromatin fiber that contains the proxi-
mal Vy, Dy and Jy, elements assumes a wider spectrum of con-
figurations in pro-B versus pre-pro-B cells.

Long-Range Genomic Interactions and the Probability

of Vy to DyJy Joining

The physical process of DNA recombination requires that the V,
Dy and Jy segments be mobile, allowing them to interact with
each other with detectable frequencies. To assess the probabil-
ities of such encounters, the cumulative frequencies of the spa-
tial distances that separate the Vy regions from the DyJy ele-
ments were determined (Figure 2C). The cumulative frequency
of a marker indicates the fraction of the alleles in which the
marker is within a certain distance from the anchor.

To compare the probabilities of different Vy, regions to associ-
ate with DyJy elements within the same cell type, the cumulative
frequencies were plotted for pre-pro-B and pro-B cells (Figure 2C
and S3). As expected, in pre-pro-B cells the probabilities of Vy
regions to encounter DJ elements correlated well with increas-

ing genomic separation (Figure 2C and S3). However, in pro-B
cells the cumulative frequencies were clustered at short spatial
distances for the majority of the Vi regions (Figure S3). Thus in
pro-B cells the probabilities for V regions to be localized within
close proximity of the DpJy elements are similar regardless of
large differences in genomic separation.

The Immunoglobulin Heavy-Chain Topology

Cannot Be Described as a Self-Avoiding Random

Walk or Worm-like Chain

As a first approach toward elucidating the spectrum of Igh topol-
ogies, we compared the experimental data with various models
of chromatin structure. We found using linear regression that the
spatial distance (R) scaled with genomic distance (N) as a power
law with exponent v of 0.25 for pre-pro-B cells and 0.1 for pro-B
cells (data not shown). These values differ significantly from that
expected of a free random walk (0.5) and a self-avoiding chain
(~0.6) (de Gennes, 1979).

We further examined the scaling property of the probability
distribution functions (P(R,N)), by plotting PN3' as a function of
R/NY on log-log plots (Figures 3A-3D). If the Igh locus configura-
tions can be described as a self-avoiding random walk, then all
the data points (distance from either anchor (BAC and h4) to
any of the genomic markers) are expected to collapse to a single
curve when the exponent v is chosen to be ~0.6 (de Gennes,
1979). This is clearly not the case for either anchor (BAC and
h4) (Figures 3A-3D). Interestingly for values of v below 0.3
(~0.1-0.2 for pre-pro-B cells and ~0.1 for pro-B cells), the
data points do collapse (Figure S4). However, the interpretation
for v < 1/3 is unclear.

To determine whether the Igh topology fits a worm-like chain
behavior, the experimental spatial distances as a function of
genomic separation were directly compared to the Porod-Kratky
chain (see Experimental Procedures for details) (Kratky and
Porod, 1949). Different values for the persistence length and
chromatin density were chosen that previously were shown to
describe the physical properties of the yeast chromatin fiber
(Bystricki et al., 2004). However, the spectrum of Igh conforma-
tions in pre-pro-B cells did not compare well with the worm-like
chain, for the different persistence length and chromatin com-
paction values that were examined (Figures 3E and 3F). Taken
together, these data demonstrate that the Igh locus topology
cannot be described in terms of a self-avoiding random walk or
worm-like chain.

Analysis of the Igh 3D Architecture by Comparison

to Structural Computer Models

To explore the IgH 3D architecture in more detail, computer sim-
ulations of potential configurations of chromatin structure were

Figure 2. Immunoglobulin Heavy-Chain Locus Topology in Pro-B Cells Brings Distal V Regions and DyJy and Enhancer Elements in Close

Spatial Proximity

(A) Genomic organization of the Igh locus. The anchor and the genomic markers used are indicated.

(B) Probe h4 contains the J; segments, the intronic enhancer and C,, elements.

(C) Frequency plots showing the distribution of spatial distances for each genomic marker from the Igh Dy-Jy cluster. Cumulative frequency distributions are

indicated for both pre-pro-B and pro-B cells.

(D) Average spatial distances were plotted as a function of genomic separation for each of the probes. Distal and proximal variable regions as well as diversity,
joining and constant region segments are shown. Bars indicate standard error. The dotted lines only indicate connectivity. The arrow indicates the position of the

intronic enhancer.
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performed using Monte-Carlo and Brownian Dynamics methods
(Figure 4A) (Knoch, 2002). Two chromatin topologies, the RW/GL
and MLS models, were used. In the RW/GL model, the chromatin
fiber is organized into large loops (0.5-5.0 Mbp) that are attached
to a fixed backbone (Figure 4D). The MLS model implies that the
chromatin fiber is organized into rosette-like subcompartments
(1-2 Mbp) with smaller loops (60-250 kbp) connected by linkers
of variable sizes (60-250 kbp) (Figure 4D).

It is well established that nucleotide content substantially al-
ters the physical properties of the chromatin fiber. However, as
a first approach the chromatin fiber was modeled as an elastic
homogeneous polymer since it is not known how nucleotide con-
tent affects the persistence length of eukaryotic chromatin. To
consider both fixed and flexible chromatin architectures, virtual
markers were placed in positions that were either dependent
or independent of the simulated chromatin architectures (Knoch,
2002) (Figure 4B). Position-dependent spatial distance measure-
ments assume that loops are fixed structures. Hence, spatial dis-
tances may differ substantially due to the relative positions of
genomic markers with respect to a loop base. The anchor was
placed on the base of the loop and virtual distances were mea-
sured (Figure 4B; marker 1). The virtual spatial distances were
measured from the anchor to other markers in the modeled ro-
sette (red), in the linker (blue), and in the adjacent rosette (green),
and then plotted as a function of genomic separation (Figure 4C).
This analysis showed the characteristic oscillations of spatial
distances as a function of genomic separation consistent with
a fixed loop structure localized within a rosette (Figure 4C,
dashed lines, and Figure 4E).

Using a position-independent approach, the virtual anchors
were placed randomly at different topological positions in the
simulated chromatin fiber (Figure 4B; anchors A-F). The average
virtual spatial distances, using the RW/GL and MLS models as
starting configurations and randomly placed probes, were deter-
mined and plotted as a function of genomic separation (see Sup-
plemental Methods for details). As expected, the spatial dis-
tances for the RW/GL and MLS models, flattened as the linker
sizes were decreased (Figure 4C, solid lines). The simulated
data, using the RW/GL model as a starting configuration, did
not compare well with the experimental data obtained from the
measurements for both pre-pro-B and pro-B cells (Figures 4F
and 4G; lines b-h). However, the trend of the spatial distances
as a function of genomic distances in pre-pro-B cells agreed
well with that predicted by the MLS model (Figures 4F and 4G;
compare blue dots and green circles to line A). Thus, in pre-
pro-B cells the spatial organization of the Igh locus compares
well with a topology in which the chromatin fiber is organized
into multi-loop containing subcompartments (1 Mbp) connected
by 63-126 kbp linkers. In contrast, in pro-B cells the Igh fiber
showed a substantially more condensed topology than pre-

dicted by the MLS model for 126 kbp loops and a linker size of
63 kbp (Figures 4F and 4G; compare pink diamonds and red
squares to line A). Collectively, the comparison of the experimen-
tal data and the simulations shows that: (1) In pre-pro-B cells, the
Igh topology agrees well with the MLS model. (2) In pro-B cells
the Igh locus topology is not consistent with the MLS model in
which 1 Mbp compartments are separated by linkers that are
similar or larger than 63 kbp.

3D Structure of the Immunoglobulin

Heavy-Chain Locus

In order to determine the relative 3D coordinates of the Vi, Dy, Jy
and Cy elements within the Igh locus, the average spatial dis-
tances separating different pairs from the twelve genomic
markers were analyzed by trilateration. To obtain the 3D coordi-
nates of genomic markers by trilateration, spatial distances of
all the markers from a minimum of four reference probes are
needed. Consequently, the spatial distances separating all the
probes from each of the three reference probes, BAC RP23-
201H14, h3 and h4, were determined (Table S4; see Supplemen-
tal Experimental Procedures for details). Instead of using a fourth
reference point, additional measurements were made for con-
secutive probe-pairs. Applying this methodology, the average
positions for the genomic markers (BAC, h1-h11) that span the
entire Igh locus were determined (Table S4). The errors gener-
ated by this analysis ranged between 5-100 nm for pro-B cells
and 40-150 nm for pre-pro-B cells (Table S5).

In pre-pro-B cells, relatively large spatial distances separated
the distal Vy, proximal Vy and Cy regions (Figure 5A; see also
Movie S1). The Cy elements were clustered (h2-h4) (Figure 5A;
gray objects). Interestingly, the Dy segments (h4 and h5) were
positioned away from the majority of the Vy regions (h6-h11)
(Figure 5A; red connector). The proximal Vy regions (h5-h8)
were located adjacent to the distal portion of the markers
that contain Dy elements and were spatially separated from
the distal Vy regions (h9-h11) (Figure 5A; green objects; see
also Movie S1).

The Igh topology in pro-B cells was strikingly different. The
pro-B Igh locus appeared to have collapsed for the Vy regions
that were visualized (Figure 5B; compare Movies S1 and S2).
Most remarkable was the merging of the proximal and distal
Vy regions (h6-h11) (Figure 5B; see also Movie S2). Whereas in
pre-pro-B cells the Dy-Jy elements (h4-h5) were positioned
away from the majority of Vi regions, in pro-B cells they were
juxtaposed and within relative close proximity to the entire Vy
region repertoire (Figure 5B; see also Movie S2).

The data described above bring into question whether the
relative average 3D coordinates of the V, Dy, Jy and Cy ele-
ments reflect the average trajectory taken by the Igh fiber in a
single B cell. The trilateration analysis considers only two-point

Figure 3. Immunoglobulin Heavy-Chain Topology and Comparison to the Self-Avoiding Random Walk and Worm-like Chain

(A-D) Scaled distributions of spatial distances were plotted for comparison with the self-avoiding walk. A scaling component of v = 0.6 was used. Graphs are
shown for both cell types, and with either BAC RP23-201H14 or h4 probes as anchors.

(E) Comparing Igh topology to a worm-like chain with a range of chromatin densities (100-10,000 bp/nm) but with a constant persistence length (200 nm). A “least

square optimization” analysis is also shown (dotted line).

(F) Spatial distances were plotted as a function of genomic separation and compared with the Porod-Kratky chain with a range in persistence length of 50-200 nm

and a constant chromatin density of 130 bp/nm.
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Figure 4. Comparison and Evaluation of Spatial Distances between Genomic Markers in the Immunoglobulin Heavy-Chain Locus by
Computer Simulations

(A) Volume rendered images of simulated Random-Walk/Giant-Loop and Multi-Loop-Subcompartment Models. As a starting conformation with the form and size
of a metaphase chromosome (top), rosettes were stacked (). From such a starting configuration, interphase chromosomes in thermodynamic equilibrium, were
decondensed by Monte-Carlo and relaxing Brownian Dynamics steps. A volume rendered image of the simulated Random-Walk/Giant-Loop model containing
large loops (5 Mbp) is shown (left; B). Note that the large loops do not form distinct structures but intermingle freely (left; B). In contrast, in a volume rendered image
of the simulated Multi-Loop-Subcompartment Model, containing 126 kbp sized loops and linkers, the rosettes form distinct chromatin territories in which the
loops do not intermingle freely (middle; ). Also is indicated an image of the simulated RW/GL model containing 126 kbp loops and 63 kbp linkers (right; ).
Note that the small loops do not intermingle freely. Distinct chromatin territories cannot be detected (Knoch, 2003).

(B) Strategy for position-dependent and position-independent virtual spatial distance measurements. For position-dependent virtual distance measurements, the
anchor was placed close to the base of the loop (marker 1). The virtual spatial distances were measured from the anchor to other makers in the rosette (1-7) and to
a linker (8-10). For position-independent measurements a set of markers separated by the same genomic distance were randomly positioned (x,y,z).
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measurements obtained from average distances that were accu-
mulated from large numbers of cells. Two point measurements,
however, do not provide insight into the average path taken by
the chromatin fiber in a single cell. At least three data points
are required. Thus, as a first approach to determine to what de-
gree the trajectory revealed by trilateration reflects the route
taken by the Igh fiber in single cells, we determined the angular
distributions between different combinations of the triple point
measurements that were performed. The medians of the exper-
imentally derived angles were then compared to the angles
obtained by trilateration. The majority of the median angles ob-
served in pre-pro-B and pro-B cells compared well with those
determined by trilateration (Figure S5).

The trilateration analysis also indicated oscillation of spatial
distances within the pro-B compartment containing the Vy clus-
ter. For example, h5 is separated by 1.5 Mbp of DNA from h10
but positioned in relatively close spatial proximity (Figure 5).
On the other hand, h5 and h6 are in relatively close genomic
proximity but separated by a relatively large spatial distance (Fig-
ure 5). These observations reveal how the Igh topology permits
DNA elements that are separated by large genomic distances
to be localized in relative close spatial proximity.

We note that although the data points that were analyzed span
the entire Ig locus, the number of genomic markers that could be
used in this study was restricted. It will be important to provide
a higher resolution average trajectory of the Igh locus, but this
will require a large set of relatively small probes using a strategy
recently described for protein folding (Chen et al., 2007). Collec-
tively, these studies show the relative average spatial positions
of the Vy, Dy, Jy and Cy elements in both pre-pro-B and pro-B
cells. Furthermore, upon commitment to the B cell fate, striking
conformational changes in Igh topology occur, to allow the entire
Vy repertoire encounter Dy, elements with relatively high and
similar frequencies.

Compartmentalization of the Immunoglobulin
Heavy-Chain Locus

To examine whether the clusters visualized by trilateration are lo-
calized within distinct subcompartments, we analyzed whether
groups of genomic markers located in spatial proximity move co-
ordinately toward or away from the anchor in a single cell (Fig-
ure SB6A). As an anchor we used BAC RP23-201H14. Triple point
spatial distances were derived from single cells separating the
anchor and two consecutive probes (h1-h2, h2-h3, h3-h4,
h4-h5, h5-h6, h6-h7, h7-h8, h8-h9, h9-h10, and h10-h11). We
then computed the group correlation coefficients to determine

the degree of coordinated movement. A correlation coefficient
of 1 indicates perfectly coordinated positioning of the two
markers relative to the anchor. On the other hand, a correlation
coefficient of 0 demonstrates a lack of linear correlation in the dis-
tances that separate the markers from the anchor in single cells.

There was significant correlation between the spatial dis-
tances for the majority of consecutive probes separated from
the anchor in pre-pro-B cells (Figure S6A). Two exceptions
were notable, markers h1 and h2 as well as h6é and h7 seem
to move independently with respect to the BAC RP23-201H14
anchor, suggesting that these markers are located in separate
compartments (Figure S6A). Thus, these data suggest that in
pre-pro-B cells the /gh locus is organized into at least three dis-
tinct compartments (BAC-h1; h2-h6; h7-h11). On the other hand,
the correlation coefficients for pro-B cells were substantially
lower when compared to those of pre-pro-B cells (Figure S6B).
Consequently, these data support a pre-pro-B Igh configuration
in which the position of the markers within a chromatin compart-
ment are relatively fixed and the trajectory of the chromatin fiber
within the compartments can be described by a fixed path such
as that generated by trilateration whereas the trajectories of the
Igh fiber in pro-B cells show more flexibility.

If the Igh topology were to be organized as compartments in
pre-pro-B cells, predicted by the comparison of the experimen-
tal and simulated data and the grouping analysis, chromatin ter-
ritories should be visualized if the entire Igh locus were to be flu-
orescently labeled. Hence, we labeled a set of overlapping BACs
that comprise the entire Igh locus (Figure 6A). Both pre-pro-B
and pro-B cells were hybridized with probes encoding the entire
locus and analyzed by epifluorescence microscopy as described
above. In pre-pro-B cells 1-3 clusters were visualized whereas in
pro-B cells only one cluster was distinguishable (Figures 6B and
6C). Additionally, the linkers connecting the compartments could
be visualized (Movies S3-S7).

Statistical Description of Long-Range

Genomic Interactions

The data described above show that the /gh locus is organized
into territories, in which the V and Jy-Cy elements are packed
at high genomic density in separate compartments. These find-
ings raise the question whether this structure mechanistically
permits long-range Vy-Dpdy encounters to occur with higher fre-
quencies than would be predicted if the chromatin fiber were not
compartmentalized. We assume that close spatial proximity di-
rectly relates to the probability of genomic encounters. Thus,
we compared the experimental cumulative frequencies obtained

(C) Comparison between simulated position-dependent (dotted lines) and position-independent (solid lines) spatial distances. The curves (A-D) indicate simu-
lated MLS models with 126 kbp loops and different linker sizes. RW/GL is shown for comparison (a). Position-dependent distances (dotted lines) show a stepwise
increase in the region where a linker is connecting two chromatin sub-compartments, while position-independent distances (solid lines) do not show the stepwise

increase in spatial distances as a function of genomic separation.

(D) Random-Walk Giant Loop and Multi-Loop-Subcompartment Models. a.indicates the RW/GL model in which large loops are attached to a non-DNA backbone.
B shows the simulated model containing a chromatin linker between loops. MLS model is shown containing 126 kbp loops and linkers with individual rosettes

spanning 1-2 Mbp (Knoch, 2003).

(E) The simulated spatial distances as a function of genomic separation are shown for a fixed loop structure. The simulated loop size was 126 kbp. Two virtual
genomic markers were chosen that were separated by 252 kbp. The heat map indicates the frequency distribution of simulated spatial distances.

(F and G) Comparison between experimental data and computer simulated data obtained from spatial distance measurements in the Igh locus as a function of
genomic separation (5.2 kbp steps). Nomenclature is loop size (kbp)-linker size (kbp)-topology. Experimental spatial distance measurements (um) were plotted as
a function of genomic separation (Mbp) for pre-pro-B cells (blue dots and green circles) and pro-B cells (red squares and pink triangles).
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Figure 5. 3D Topology of the Inmunoglobulin Heavy-Chain Locus
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The 3D topology of the Igh locus in pre-pro-B and pro-B cells was resolved using trilateration. The relative positions of 12 genomic markers spanning the entire
immunoglobulin heavy-chain locus were computed. Two different views are shown for both cell types.

(A) 3D Topology of the Igh locus in pre-pro-B cells.

(B) 3D Topology of the Igh locus in pro-B cells. Grey objects indicate Cy regions and the 3’ flanking region of the Igh locus. Blue objects indicate proximal Vi
regions. Green objects indicate distal Vi regions. Red line indicates the linker connecting the proximal Vi and Jy regions. Linkers are indicated only to show

connectivity.

from the spatial distance measurements directly to the cumula-
tive frequency distributions as predicted by a 3D random walk
(see Experimental Procedures for details). Interestingly, the the-
oretical distance distribution for a 3D random walk approached
the distance distribution observed for the Dy cluster (Figure 7;
h4-h5). These data indicate that the probabilities for D, elements
to be in close proximity to the Jy elements approach those ob-
served for a random walk. In contrast, for larger genomic sepa-
rations, the theoretical distance distributions did not compare
well with the observed spatial distance distribution, consistent
with the presence of chromatin territories and spatial confine-
ment (Figure 7; h4-h7, h4-h10 and h4-h11). Consequently, we
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conclude that it is the Igh topology that mechanistically permits
long-range genomic interactions to occur in pro-B cells with
relatively high frequency.

DISCUSSION

Immunoglobulin Heavy-Chain Locus Topology

How chromosomes are structured in 3D space is largely un-
known and only recently data have emerged that have provided
insight into the organization of the chromatin fiber in eukaryotic
nuclei. Such studies have described the yeast chromatin fiber,
in large part, as a worm-like chain (Bystricky et al., 2004). The
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Figure 6. Visualization of the Entire Inmunoglobulin Heavy-Chain Locus
(B) 3D FISH in nuclei derived from pre-pro-B and pro-B cells using fluorescently labeled BACs that span the entire Igh locus. Digitally magnified pictures of the Igh

locus are shown. BACs (shown in red) were directly labeled with dUTP conjugated to Alexa 568. Nuclei were visualized by DAPI staining.
(C) Fractions of the number of compartments visualized using overlapping set of BAC probes in pre-pro-B and pro-B cells are indicated.
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Figure 7. Probabilities of Long-Range Interactions in Pre-pro-B and Pro-B Cells Compared to Those Predicted by a 3D Random Walk

Cumulative frequencies were obtained by accumulating the frequency values corresponding to the spatial distances in intervals of 100 nm using the Dydy
elements (probe h4) as an anchor. Cumulative frequency distributions for the random walk were determined for different persistence lengths (see Experimental
Procedures). The cumulative frequency distribution for the spatial distance between h4 and h5 is similar for pre-pro-B cells, pro-B cells and for arandom walk with

a persistence length of 50 nm and chromatin density of 130 bp/nm.

spatial distance distributions observed within the Igh locus in B
cells, however, are not well fitted by either the self-avoiding or
the worm-like chain. A better fit was obtained by comparing the
experimental values for those obtained applying Monte-Carlo
and Brownian Dynamics methods using the MLS model as a
starting configuration. The MLS model assumes the presence
of rosettes, spanning about 1-2 Mbp of genomic sequence,
connected by linkers of variable sizes (Munkel and Langowski,
1998). In particular, the spatial distributions of the pre-pro-B
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Igh locus topology compared well with the MLS model (126 kbp
loops and 63 kbp linkers). Does this comparison imply that
the Igh pre-pro-B topology is structured as 126 kbp loops?
We consider this unlikely but rather suggest that loop size
within the compartments varies and determined by proteins
associating with the bases of loops, including Pax5, YY1, CTCF
and Satb1.

The Igh topology in pro-B cells showed a substantial more
condensed topology predicted by the modeling of the MLS



configuration for the shortest linker (63 kbp) that was simulated.
Since shortening the linker further would essentially merge puta-
tive compartments, this latter observation raised the possibility
that the Igh locus in pro-B cells is organized into one compart-
ment. Indeed group correlation coefficient analysis as well as
visualization of the entire Igh locus indicated the presence
multiple compartments in pre-pro-B cells separated by linkers,
whereas only a single compartment was observed in pro-B cells.
We note that the data, however, does not rule out the presence
of subcompartments in pro-B cells.

The Igh topology in nonlymphoid cells, for example, mouse
embryonic fibroblasts showed a configuration that is even
more decondensed as compared to pre-pro-B cells. However,
flattening of the spatial distances as a function of genomic sep-
aration was also observed in the Igh locus in fibroblasts, indica-
tive of topological confinement as described above for the pre-
pro-B and pro-B cell configuration. We note that the Igh locus
in fibroblasts is located in close proximity of the nuclear mem-
brane, whereas in B-lineage cells it is positioned in more centrally
located domains (Kosaki et al., 2001). It is conceivable that the
nuclear location of the Igh locus affects Igh topology. The differ-
ences in Igh topology in the different cell types are quite remark-
able and it will be of interest to determine by trilateration how the
Igh locus is structured in other cell types as well, including fibro-
blasts, stem and germ cells.

Immunoglobulin Heavy-Chain Locus Topology

and Function

The repositioning of the Dy cluster and the merging of the prox-
imal and distal Vy regions during early B cell development are in-
triguing. We propose that these conformational changes under-
pin the mechanism by which a diverse antibody repertoire is
established. Although separated by large genomic distances,
apart from frequent rearrangements involving the two most prox-
imal Vy regions, Vh81X and VhQ52, little correlation has been ob-
served between V,, region usage and Vy genomic location (Yan-
copoulos et al., 1984; Malynn et al., 1990; Gu et al., 1991; Love
et al.,, 2000). Thus, Vy regions despite separated by large geno-
mic distances rearrange with similar frequencies.

How do Vy elements separated by large genomic distances
find DpJy elements with probabilities that are similar to Vi ele-
ments that are localized within close genomic proximity? The tri-
lateration analysis and comparison of experimental and simu-
lated data indicates that it is the folding of the Igh fiber that
allows a 2 Mbp genomic region to be packed as bundles of
loops, allowing the entire V\, region repertoire, regardless of their
genomic location, similar access to the D Ji; elements.

Long-Range Genomic Interactions

The data also bring into question whether the topology de-
scribed here is restricted to that of the Igh locus, since the Igh lo-
cus undergoes genomic rearrangement and has special require-
ments for proximity. We consider this unlikely since the spatial
distances also plateau as a function of genomic separation in
the centromeric direction away from the Igh locus. This region
is not undergoing long-range DNA recombination. Why do the
spatial distances as a function of genomic separation plateau
in a region that is not undergoing antigen receptor assembly?

We propose that the chromatin fiber in nonrearranging genomic
regions is folded into multi-loop-containing compartments to
promote high-density packing and to permit long-range genomic
interactions (Cremer and Cremer, 2001). For example, enhancer
elements act over large genomic distances (Banerji et al., 1981).
Folding of the chromatin fiber into bundles of loops allows
such elements to be in close spatial proximity similar as de-
scribed here for the Igh locus. Thus, antigen receptor genes
may simply have utilized this topology to allow large numbers
of Vi elements to encounter Dydy or Jy elements with relatively
high and similar frequencies. We suggest that enhancer and
promoter elements use a similar strategy to interact over large
genomic distances.

Spatial Distributions and Immunoglobulin Heavy-Chain
Locus Rearrangement

In addition to the large conformational changes that seem to
accompany early B cell development, we noted changes in the
spatial distributions in pre-pro-B versus pro-B cells. Specifically,
the standard deviations in spatial distances using the Dy ele-
ments (h4) as an anchor were substantially larger in pro-B cells
even though the mean spatial distances were smaller. Why is
there a wider distribution of configurations in pro-B versus pre-
pro-B cells? We suggest that the larger variation reflects an Igh
topology in pro-B cells that is less confined or fixed as compared
to pre-pro-B cells and that these differences in the range of con-
formations reflect the requirement for the Igh fiber in pro-B cells
to be flexible in order for the large number of V}, regions that span
over 2 Mbp of genomic distance to encounter Dy elements with
similar probabilities. Thus we propose that both the average spa-
tial positions as well as the spectrum of conformations change
during early B cell development to permit V, regions scattered
over a large genomic region to rearrange with frequencies that
seem independent of genomic location.

Conclusion

Here, we have used geometry to provide a statistical representa-
tion of the Igh locus topology. We demonstrate how Igh structure
permits close encounters between Vy and Dy elements sepa-
rated by large genomic distances with relatively high probability.
We propose that the topology described here is not restricted to
that of antigen receptor loci but rather is a general feature of eu-
karyotic chromatin to promote long-range genomic interactions
including promoter and enhancer regulatory elements.

EXPERIMENTAL PROCEDURES

Mice and Cell Culture

All mice used were maintained in a C57BL/6 background. RagZ’/’ pro-B cells
and E2A~'~ hematopoietic progenitors were isolated and grown as described
previously (lkawa et al., 2004; Sayegh et al., 2005). The E2A-deficient and
Rag2-deficient targeted mutations were originally engineered in R9 ES cells
and subsequently backcrossed on a C57BL/6 background. Since the genomic
organization of the Igh locus differs substantially between C57BL/6 and 129
mice strains, genomic DNA was isolated from E2A deficient pre-pro-B and
RAG2-deficient pro-B cells to determine their origins. PCR analysis at four
polymorphic sites, localized throughout the Igh locus, confirmed that in both
cell types the Igh locus is derived from C57BL/6 (R.R., data not shown).
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Cloning and Labeling of 10 kb Probes

To identify unique DNA sequences within the Igh locus, a percentage identity
plot of the Igh locus was generated. Eleven unique 10 kbp DNA segments, i.e.,
regions that were not duplicated within the /gh locus and showed minimal ge-
nomic repeats, were identified using a percentage identity plot. PCR primers
were designed for these regions and long-range PCR (Eppendorf) was used
to amplify the 10 kb stretches. PCR products were cloned into the pGEMTEasy
vector system (Promega). The sequences of the clones were confirmed by
restriction mapping and by DNA sequencing. DNA probes were labeled with
aminoallyl-dUTP (ARES labeling kits, Invitrogen) by nick-translation (Roche).
One ng of DNA was labeled in a 20 pl reaction for 3 hr and 45 min. Nick-
translated 10 kbp products were size selected on a 0.6% agarose gel and
10-500 bp fragments were purified using a QIAGEN gel extraction kits. Amino-
allyl-modified DNA was fluorescently labeled with succinimidyl ester deriva-
tives of Alexa fluorochromes (Alexa 488, 594, or 647).

The Self-Avoiding Chain and Kratky-Porod Analytical
Description of a Polymer
The probability density between genomic markers can be determined as:

3
3 2
P(R,a)= (ﬁ) e %

“a” is the Kuhn length of DNA (nm) and “c” is the DNA mass density (bp/nm)
(Grosberg and Khokhlov, 1997). The cumulative frequency distribution F(R) is
given by:

Equation 1

R 3
([ 3C \?2 _am? o .
J(m) e 2 47R?dR. Equation 2
0

The distribution of spatial distances as a function of genomic separation for
the self-avoiding chain are described as follows:

R
P(R,N)=N""9f (W) Equation 3
R, spatial distances separating genomic markers; N, genomic separation be-
tween the markers; P, frequency value of the spatial distance R for markers
separated by N base-pairs; d, number of dimension in which the distances
have been measured. Here, d = 3; v = 0.6 for self-avoiding random walks.

f(x)=x? for x<<1 Equation 4

f(x)=e™ for x>>1. Equation 5
For a self-avoiding random walk, the constants g and 3 are as follows:
g=0.67+0.3andd=2.5.
The Kratky-Porod description of a semiflexible polymer was used to com-
pare the experimental data to that of the worm-like chain: (Kratky and Porod,
1949):

(R?)=2x L2 x (i 1 +e’5> Equation 6

cL

where R is the physical distance separating two genetic markers (nm), d is the
genomic separation between genetic markers (bp), ¢ is the DNA mass density
(bp/nm), and L is the persistence length (nm).

The cumulative frequencies were determined for different persistence
lengths and compared with the experimental data. For theoretic spatial dis-
tances and frequency distributions, a mass density of 130 bp/nm was used
(Bystricky et al., 2004). The experimental frequency distributions were gener-
ated after binning 100 nm spatial distances.

SUPPLEMENTAL DATA
Supplemental Data include Supplemental Experimental Procedures, six fig-

ures, five tables, and seven movies and can be found with this article online
at http://www.cell.com/cgi/content/full/133/2/265/DC1/.
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