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EPIGRAPH

Let me anticipate what will be explained in much more detail later, namely, that
the most essential part of a living cell -the chromosome fiber- may suitably be
called an aperiodic crystal. In physics we have dealt hitherto only with periodic
crystals. To a humble physicist’s mind, these are very interesting and complicated
objects; they constitute one of the most fascinating and complex material
structures by which inanimate nature puzzles his wits. Yet, compared with the
aperiodic crystal, they are rather plain and dull. The difference in structure is of
the same kind as that between an ordinary wall paper in which the same pattern
15 repeated again and again in reqular periodicity and a masterpiece of
embroidery, say a Raphael tapestry, which shows no dull repetition, but an
elaborate, coherent, meaningful design traced by the great master.

—E.W. Schrodinger, What is Life? 1944.
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ABSTRACT OF THE DISSERTATION

The 3-D Structure of the Immunoglobulin Heavy Chain Locus:

Implications for Long-Range Genomic Interactions
by

Suchit Jhunjhunwala

Doctor of Philosophy in Biological Sciences
University of California San Diego, 2009

Professor Cornelis Murre, Chair

The immunoglobulin heavy chain (Igh) locus is organized into distinct
regions that encode multiple variable (Vy), diversity (Dpg), joining (Jy) and
constant (Cy) gene segments. DNA recombination takes place between the Vi,
Dy and Jy segments at the Igh locus in developing B cells. The locus undergoes
large-scale contraction to facilitate this recombination. However, its structural
organization is unknown. It is likely that the structural organization plays a role
in this process.

By simultaneously visualizing three subregions of the Igh locus using 3D
fluorescence in-situ hybridization, we show that looping of the distal V5 segments

to the Cy segments is observable in pro-B cells. This looping occurs at a
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significantly higher frequency in pro-B cells compared to CD8" T cells. This
indicated that there is a structural reorganization of the locus and not just a
simple contraction of the chromatin fiber.

To decipher the topology of the locus, 12 genomic markers were used that
spanned the entire locus. Spatial distance distributions between different combina-
tions of these markers were determined and compared to computer simulations of
different models of chromatin structure. These comparisons revealed that the data
agreed with a topology that predicted higher order organization of the chromatin
fiber into multiple subcompartments connected by linkers (Multi-Loop Subcom-
partment model). Compartmentalization of the locus was visualized by labeling
the entire locus with hybridization markers. Relative locations of the different Igh
sub-regions in 3D space were determined using a trilateration technique. Striking
conformational changes can be seen between pre-pro-B and pro-B cells, when the
locus transitions from a de-contracted to a contracted state.

The implications of the higher order organization of the locus on long-range
genomic interactions are discussed. It is evident that the higher order organization
is necessary for promoting long-range genomic interactions that would facilitate
V(D)J recombination at the Igh locus. In absence of higher order organization,

the expected frequency of interactions are much lesser.

Xvi



Chapter 1

Introduction

The structure-function relation has become an increasingly important parad-
igm in the study of biological molecules. Immunoglobulins, or antibodies, are an
integral part of the immune system that recognize potentially an infinite variety of
foreign antigens, owing to their highly variable structure. The structural variability
is possible due to the stochastic process of DNA recombination at the immunoglob-
ulin gene. This study focuses on a hitherto unexplored structure-function relation-
ship, that between the structure of a genetic locus and DNA recombination. We
will highlight how the nuclear organization, chromatin topology and chromatin

dynamics of the immunoglobulin heavy chain locus relate to its function.



1.1 Genetic Organization of the Antigen Recep-

tor Loci of the Lymphoid System

The lymphocyte compartment consists of cells that express a diverse reper-
toire of antigen receptors, enabling organisms to generate a unique immune re-
sponse to invading pathogens. B lymphocytes produce B-cell receptors (BCR),
while the antigen receptors in T cells are called T-cell receptors (TCR). Dreyer
and Bennett first proposed that antigen receptor diversity is generated by DNA
recombination!. This original insight was confirmed in later studies, revealing that
antigen receptor loci are organized into distinct genomic regions that contain vari-
able (V), diversity (D) and/or joining (J) and constant (C) coding elements® % 4.
Since this early work, the understanding of the biochemical and molecular mech-
anisms that underpin the assembly of antigen receptor genes from their coding
elements has blossomed. Each antigen receptor is built from two types of polypep-
tides, encoded by independent genetic loci in the genome.

The murine immunoglobulin heavy chain locus (Igh), which encodes the
Ig heavy chain, consists of a single massive stretch of DNA (3 Mbp) in length,
which is divided into distinct DNA elements encoding the variable (V), diversity
(D), joining (J), and constant (C) regions (Figure 1.1A). Each subregion displays
much complexity. For example, fifteen partially dispersed V region families encode

approximately 195 Vy gene segments, depending on the genetic background, each



of which is approximately 500 bp in size. The density of the gene segments within
the V-region cluster is relatively low, containing large intergenic regions up to 50
Kbp in size. Downstream of the Vg regions are located 10-13 Dy genes and four
Ju genes as well as eight C regions that encode the various isotypes including C,,,
Cs, Cy1 Ci2as Cy2p, Cys, Cc and C,.

The light chain of immunoglobulins is produced by one of two loci, Igk
or IgA. The Igk locus is comprised of approximately 120 V, gene segments that
span almost 3 Mbp, a J, cluster, and a single constant region positioned within
very close proximity (2.5 Kbp) to the J, cluster (Figure 1.1B). The organization
of the Ig locus is quite distinct from that of the Igh and Igk loci. Rather than a
common set of J gene segments located upstream of the constant region(s), the four
constant regions of IgA each contain their own unique J, gene segment. Moreover,
only two V region gene segments, V)1 and V)2 are frequently utilized. V)2 is
located approximately 60 Kbp from J,2. It will not recombine with other .J, gene
segments. On the other hand, V)1, located 22 Kbp from the Jy1, will form joints
with either Jy1 or J\3 (Figure 1.1C). Thus, each chain of an antibody is produced
using a similar theme of combining distinct gene segments.

The organization of genes encoding the T-cell receptor (TCR) gene seg-
ments is strikingly similar to that of the immunoglobulin loci (Figure 1.1, 1.2).
Two distinct T-cell lineages, named af and vd T cells, develop in the thymus

from early T-lineage progenitor cells. These two cell types were originally identi-



fied based on the expression of either the a3 or v T-cell receptor. The a3 TCR
consists of two chains, the « chain linked to a § chain, while the v TCR is com-
posed of a heterodimeric complex containing the v and ¢ chains. The TCRS locus
spreads over approximately 650 Kbp of genomic DNA (Figure 1.2B). It contains
31 V3 gene segments, of which twenty are functional and located upstream from
two DgJjs clusters and two Cg regions. Each of the DgJs clusters contains a sin-
gle Dj and six Js gene segments. Oddly, one of the V3 gene segments is located
down-stream of the Cg regions.

The TCRa locus hews to a similar theme in that it is comprised of
approximately 100 V gene segments located within a 1.5 Mbp region (Figure 1.2A).
At least 200 Kbp separates the V,, regions from the J, cluster. The TCR, locus
is unusual in that it contains many more J regions as compared to other antigen
receptor loci, with 61 J, gene segments that span 65 Kbp. Nested within the
TCRa locus is the TCRd locus, containing numerous Vy, two Ds and Js elements
and one Cj region. Unlike the TCRa, TCRA and TCR6 loci, the TCR#y locus
is small (less than 200 Kbp), containing few V. and J, gene segments (Figure
1.2C). Thus, the majority of antigen receptor loci are comprised of large numbers
of V regions that span a vast genomic region and numerous clustered D or J gene
segments.

It can be seen that the different antigen receptor loci, although expressed

in different systems, have a common theme of organization. It is also likely



that a common structural organization underlies this theme, promoting DNA

recombination at these loci in lymphoid cells during early stages of development.

1.2 Lymphocyte Development

Pluripotent hematopoietic stem cells, which have self-renewal capacity,
develop into lymphoid-primed multipotent progenitors (LMPPs) that lack long-
term self-renewal capacity, and have myeloid or lymphoid restricted differentiation
potential. LMPPs develop into common lymphoid progenitors, which differentiate
to become pre-pro-B cells. Pre-pro-B cells, in turn, develop into committed
pro-B cells, that initiate and complete Igh V(D)J gene rearrangement. At the
pro-B-cell stage, DyJy joining precedes that of VyDyJy gene rearrangement.
Once a productive Vi Dy Jy gene rearrangement has been generated, a pre-B-Cell
Receptor (pre-BCR) is assembled which acts, in turn, to inhibit the expression
of the recombinase, RAG1 and RAG2, and promotes the survival and expansion
of developing large pre-B cells. This proliferation phase is followed by exit from
the cell cycle, during which RAG gene expression is re-induced to activate Igk
gene rearrangement. In the presence of auto-reactivity, continued Igk VJ gene
rearrangement will replace primary Igk VJ joints, generating BCRs with novel
specificities. If self-reactivity still continues, IgA VJ gene rearrangement will

be initiated to generate an Ig)\ chain. Once a BCR has been assembled that



lacks auto-reactivity, tonic BCR signaling will permanently suppress recombinase
gene expression and promote developmental progression and migration into the
peripheral lymphoid organs.

The development of af T and ~vd T cells in the thymus is a process
characterized by the sequential rearrangement of the variable gene segments of the
T cell antigen receptor loci. Shortly after arriving in the thymus, T cell progenitors
initiate rearrangement of the TCR/ chain. The rearrangement of the TCR/ locus
is initiated and completed at a developmental stage that lacks the expression of the
co-receptors for the T-cell receptor, CD4 and CDS, a stage commonly referred to
as the double negative (DN) compartment. Upon rearrangement and expression of
a productive TCRS chain and its assembly into a pre-TCR complex, recombinase
expression is suppressed and thymocytes undergo developmental progression that
is characterized by rapid cellular expansion. During this phase thymocytes begin
to express CDS8, followed by CD4. Thymocytes that express CD4 and CDS, also
named double positive (DP) cells, undergo cell cycle arrest and initiate TCRa
VJ gene rearrangement. V,.J, rearrangements can be initiated multiple times,
such that secondary TCRa rearrangements can replace progressively primary V,J,
joints. The primary rearrangements predominantly utilize the more 3’ located
V, segments and the most 5" J, elements. DP thymocytes then initiate the
processes of positive and negative selection leading to the maturation of only

those cells that express TCRs with moderate affinity for antigen-containing major



histocompatibility complexes presented by thymic epithelial antigen presenting
cells. Positively selected thymocytes decrease expression of either CD4 or CDS8
to develop into mature CD8 or CD4 single positive (SP) T cells. The TCR~y and
TCR6 loci also undergo rearrangement in the DN compartment.

Antigen receptor rearrangements are mono-allelic in nature, and two dis-
tinct mechanisms may ensure mono-allelic rearrangement. First, antigen receptor
rearrangement is mono-allelically activated, most well characterized for the Igk

®. Second, once a productive Igh or TCR3 V(D)J gene rearrangement has

locus
been generated, signaling mediated by the pre-BCR or pre-TCR antagonizes con-
tinued rearrangement by a feed-back mechanism® 7. As a result, only one copy of
a functional antigen receptor gene is produced per lymphocyte. Thus, the adap-

tive arm of the immune system is generated by distinct cell types, which undergo

ordered gene rearrangement, to equip each lymphocyte with a single and unique

BCR or TCR.

1.3 Nuclear Localization and Structural Reorga-

nization of Antigen Receptors

The nuclear locations of genes vary during developmental progression®.

Such repositioning of loci during differentiation is often conserved throughout

evolution. A prominent example involves multiple genes in yeast that appear



to cluster at the nuclear membrane / nuclear lamina®. A subset of these genes is
associated with nuclear pores that are undergoing active transcription whereas
others that are associated with the inner nuclear membrane / nuclear lamina
appear to be transcriptionally silenced. In mammalian cells, the expression of the
[-globin locus is initiated at the nuclear membrane prior to its movement towards

more centrally located domains!®.

A second nuclear compartment involves the
pericentromeric heterochromatin. The association of genes with pericentromeric
heterochromatin is often correlated with transcriptional silencing.

Evidence is accumulating indicating that the assembly of immunoglobulin
loci is also regulated by nuclear location. The inner nuclear membrane / nuclear
lamina associates with the Igh locus in hematopoietic progenitors'!. The distal Vy
region cluster is tethered to the nuclear membrane whereas the Dy Jy elements
are located away from the membrane (Figure 3). The spatial orientation of the Igh
locus tethered to the inner nuclear membrane may allow the recombinase access to
the DyJy domain to promote Dy Jy rearrangement while the Vy cluster remains
closed. The presence of Dy Jy rearrangements in hematopoietic progenitors, but
the absence of Vg — Dy Jy joints is consistent with such an orientation.

Upon commitment to the B-cell lineage, the Igh locus undergoes internaliza-
tion and large-scale contraction, followed by V-Dy Jy gene rearrangement!? 11 13, 14,

The observed contraction is not well understood, but it is believed to facilitate

DNA recombination by bringing the V segments physically closer to the D/J seg-



ments. Once a productive Vy-DpyJy rearrangement has occurred, both Igh alle-
les undergo de-contraction'® (Figure 3). The de-contraction of antigen receptor
loci has been postulated to suppress further rearrangement and to enforce the

3

allelic exclusion mechanism'®. In addition to de-contraction, recruitment of the

non-productive Igh allele to the repressive pericentromeric neighborhood further

ensures allelic exclusion's.

The Igk locus also undergoes relocation and contrac-
tion / de-contraction. In summation, the antigen receptor loci undergo nuclear

relocation and structural reorganization to regulate DNA recombination.

1.4 Ordered Assembly of Antigen Receptor Loci

and Chromatin Territories

The rearrangement of antigen receptor loci is ordered. In pro-B cells, Igh
Dy Jy rearrangement is initiated prior to Vy-DyJy joining!®. TCR/S rearrange-
ment is also sequential, i.e. Dg-.Jg rearrangements occur prior to Vz-DgJg joining.
As described above, once a productive Igh or TCRS V(D)J gene rearrangement has
been generated, signaling mediated by the pre-BCR or pre-TCR antagonizes con-
tinued rearrangement by a feedback mechanism to ensure allelic exclusion” (Jung
et al., 2002). Feedback signaling, however, does not suppress rearrangement of the
entire Igh or TCR3 V region repertoire. The four most proximal Vj regions as well

as a Vj region, located downstream rather than 5’ of the Dg-Js cluster, escape the
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16,13, 17 " Thus we are faced with the question: what

allelic exclusion mechanism
might explain these differences in V region usage?

Functional chromosomal domains may provide a means by which regions
undergoing DNA recombination are distinguishable from regions not undergoing
DNA rearrangement. Such functional domains have been described for the chicken
(-globin cluster, which is marked by the presence of boundary elements, containing
CTCF binding sites!®. To determine whether such functional domains exist
within antigen receptor loci, V3 and Vi regions, normally distally located and
subject to the allelic exclusion mechanism, were inserted in a chromosomal position
immediately 5" of the D domain or within the D-J cluster!® 2. Interestingly, the
targeted V regions appeared to rearrange with substantially higher frequency
than their endogenous counterparts. Furthermore, targeting of the Vy region
to a location immediately 5 of the DpgyJy region revealed that the ordered
119,

rearrangement process was perturbed as wel As suggested previously, these

data are consistent with a model in which the majority of Vi and Dy domains are

located in functionally separate territories'.

1.5 Chromatin Structure

The 3-dimensional organization of antigen receptor loci is not known. The

structure is likely to permit gene segments to encounter each other frequently.
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Resolving this question requires insight into long-range chromatin structure and

dynamics through polymer physics.

1.5.1 The Chromatin Fiber

The unit of the chromatin fiber is the nucleosome. A nucleosome consists
of a 146 bp DNA segment wrapped around an octamer consisting of two copies
each of histones H2A, H2B, H3 and H4. The nucleosomes form a 10 nm fiber
creating a structure resembling ‘beads on a string’. This 10 nm fiber, in the
presence of histone H1, condenses into a more compact 30 nm fiber, of which
the precise structure is still not completely resolved?'. How the chromatin fiber
is folded into higher order structures beyond the 30 nm fiber remains largely
unknown, but involves increasingly higher order folding. In the late 1970s and early
1980s, distinct folding patterns for chromosome structure were proposed, including
topologies involving helical, radial or combined loop-helical folding?? 2 24, Using
electron microscopic analyses of chromosome spreads, Laemmli and collaborators
showed that chromosomes appeared comprised of loops of ~90 Kbp in size. It was
postulated that such loops interact with a putative nuclear matrix during mitosis
and cluster further into rosettes containing on average ~18 loops, yielding ~100

rosettes per average mitotic chromosome?3 2.

More recently, serial thin-section
electron microscopy has suggested a different topology for chromatin structure,

namely a chromonema fiber, where a chain of diameter of 60-130 nm is interspersed
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by more loosely folded segments that have a diameter of 30 nm?°.

1.5.2 Flexibility of the Chromatin Fiber

In essence, a chromatin fiber, because of its repetitive nature, resembles a
polymer, and many of its physical properties can be analyzed in terms of polymer
models established by Edwards, Flory, Kuhn and de Gennes (Morawetz, 1985).
The most important parameter determining the flexibility of a polymer is the
persistence length, which is defined as the minimum contour length of the polymer
separating two segments of the chain needed for the segments to become de-
correlated from each other, i.e., the orientation of one segment does not affect the
orientation of the other. It is a statistical measure of the flexibility of a polymer.
The persistence length for naked DNA is ~50 nm. The persistence length for a
chromatin fiber remains controversial but depending on the experimental strategy

by which it was measured, has been found to vary between 30-200 nm?".

1.5.3 Shape and Dynamics of a Simple Polymer Chain

The shape and dynamics of a polymer can be described in terms of a
random walk behavior where the polymer is assumed to be made up of a series of
rigid individual units, named Kuhn segments, linked by flexible hinges, allowing
free rotation between consecutive Kuhn segments. Under this assumption, the

flexibility is defined by the length of a Kuhn segment, which is twice the persistence
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length. Several types of random walk models have been used to describe the
structure and dynamics of polymer chains (Figure 1.4). In a freely jointed chain
model, the hinges connecting adjacent Kuhn segments are completely free to
rotate, and the polymer segments are allowed to overlap with each other, i.e.,
the orientation of one segment is independent of the orientation of its two adjacent
segments (Figure 1.4A). A more realistic model frequently applied to describe
polymer chain behavior is the self-avoiding chain (Figure 1.4B). A self-avoiding
chain is similar to the freely jointed chain, except that the chain cannot cross its
own path, i.e., the Kuhn segments cannot intersect with each other?®. Yet another
model is the worm-like or Kratky and Porod chain, which considers the polymer as
a continuously flexible chain rather than freely jointed discrete segments (Kratky
and Porod, 1949) (Figure 1.4C). The persistence length is the minimal repeating
unit in this model and owes its conceptual origin to this model. Recent studies
have described the dynamics of the yeast chromatin fiber in terms of the worm-like

chain?.

1.5.4 Shape and Dynamics of the Chromatin Fiber

Cytological analysis of chromosomes in mammalian cells have demonstrated
a confined geometry for the chromatin fiber to chromosome arms as well as bands,
arguing against the predictions of purely random walk behavior. Furthermore,

spatial distance measurements as a function of genomic separation demonstrated
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that the spatial distance scales as a function of genomic separation over 4 Mbp, with
exponents that are incompatible with that of free random walk statistics3? 31 32, 33,
As a first approach to described the chromatin fiber in vertebrate nuclei, a
chromatin topology named the Random Walk/Giant Loop model (RW/GL), has
been proposed in which the chromatin fiber was described as undergoing random
walk behavior but confined to large loops (2-5 Mbp)3® (Figure 1.4D). However,
measurements of spatial distances between genomic markers, that are spaced less
than 4 Mbp apart, did not agree well with the RW/GL model**. Based on these
observations, as well as on the original cytological observations made by Laemmli
and collaborators in late 1970, the Multi-Loop-Subcompartment (MLS) model
was proposed to describe long-range chromatin folding®*33. The MLS model
implies that the chromatin fiber is folded into rosettes, which are connected by
flexible linkers (Figure 1.4E). Most recently, yet another topology, the Random-
Loop (RL) model, has been proposed to describe the spectrum of chromatin
configurations and dynamics (Figure 1.4F). Whereas loops in the RW/GL and
MLS models are assumed uniform in size, the RL model, for genomic separation of
5-10 Mbp, permits both large and small loops to form, and loops can dynamically
associate and dissociate from loop attachment points®**. The development of novel

computational methods to model new chromatin topologies should help to define

experimental strategies that either support or reject model predictions.
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The principal question addressed in this study concerns the role of chro-
matin topology in long-range genomic interactions at the immunoglobulin heavy
chain locus. Comparison of experimental data to polymer-models of chromatin
structure has permitted insights into our still-rudimentary knowledge of long-range
genomic interactions and the ensemble of topologies that are adopted by antigen

receptor loci, using the Igh locus as a model.
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Figure 1.1: Genetic Organization of the Immunoglobulin Loci

The various coding elements for the immunoglobulin loci are organized as shown.
The V segments are shown in blue. D segments (if present) are shown in purple.

J segments are shown in red and the C segments are in black. Known enhancer
elements in the loci are in green.
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Figure 1.2: Genetic Organization of the TCR Genes

The various coding elements for the TCR loci are organized as shown. The V
segments are shown in blue. D segments (if present) are shown in purple. J

segments are shown in red and the C segments are in black. Known enhancer
elements in the loci are in green.
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Figure 1.3: Nuclear Location and Compaction of Antigen Receptor Loci during
Lymphocyte Development

Nuclear locations of antigen receptor loci during developmental progression are
indicated. (A) Indicated are the nuclear positions of the Igh and Igk alleles at
various stages of early B cell development. Pre-pro-B and pro-B cell stage are
shown in blue. Large pre-B and small pre-B are indicated in gree<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>