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Three-dimensional Organization of Interphase Chromosomes in Different

Polytene Tissues of Drosophila Melanogaster

Mark Hochstrasser

ABSTRACT

While chromosome behavior during mitosis has been extensively

studied, chromosome topology during interphase has not. The giant

nuclei in polytene tissues of Drosophila melanogaster allow analysis of

interphase chromosome folding by direct optical methods. The
architecture of these nucdei is the subject of this thesis.

Chromosome paths were determined from optical sections of nuclei in
intact tissues using a computer-based modeling system. Identification
of chromosome bands allowed objective comparisons between nuclei.

First, 24 salivary gland nuclei were analyzed. Surprisingly, chromosome
coiling shows a right-handed chirality, independent of homologous
pairing. The chromocenter(s) is always attached to the nuclear
envelope, with telomeres usually arrayed at the opposite nuclear pole.
High frequency interactions between chromosomes and the envelope occur
almost exclusively at "intercalary heterochromatin" loci. Chromosomes
lie in nonintertwined spatial domains, with each autosome's arms in
close proximity. Centromere aggregation is not required for these
pProperties.

Thereafter, a comparison of three other wild-type tissues,
prothoracic gland, hindgut, and middle midgut, was performed

(representing the first characterization of these less polytenized



chromosomes). The following conclusions could be drawn: Almost
identical loci in prothoracic and salivary glands interact specifically
with the envelope despite very different patterns of transcription.
Conversely, chromocenters have a unique structure, intranuclear
location, and tendency to associate in each tissue. Nucleolar chromatin
also has a tissue-specific structure. The nucleolar organizer, but no
other locus, is closely linked to the nucleolus. Right-handed coiling
is a fundamental property of all polytene chromosomes. Polarized
chromosome orientations, nonintertwined domains, and close-packing of
autosome arms appear to remain from the last telophase, implying a
remarkable positional stability in the absence of disruptive external
forces. Specific interactions between heterologous loci were not found.
Finally, morphometric measurements suggest that polytenization involves
a reiteration of a regular folding regime within bands that may reflect
the structure of diploid chromatin as well; they also give insights into
band substructure and nuclear growth. Methods are also described for
studying non-salivary gland tissues in squashes and for doing
three-dimensional immunofluorescence analysis. These data provide a
framework for models of nuclear architecture and the functional

organization of the genome.
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Introduction



This thesis is concerned with the three-dimensional organization of
DNA, or more specifically, of chromosomes, within the interphase
nucleus. Typically, about 10S um of DNA must pack into a diploid
nucleus only ~5 um in diameter (Rasch et al., 1971). In a polytene
interphase nucleus, chromosomes undergo repeated rounds of DNA
replication with neither division nor separation of replicated
chromatids. As a result, a ~35 um wide salivary gland nucleus may
contain over 85 m of DNA. The compaction of DNA is accomplished through
a hierarchy of foldings within each chromosome and the folding of the
chromosomes themselves inside the nucleus. This packing is under two
fundamental constraints: it must permit the controlled transcription and
precise replication of the genome, and it must allow the orderly process
of division into duplicate daughter nuclei.

The first level of DNA packing involves the wrapping of the double
helix into the 10 nm nucleosomal fiber (reviewed by Kornberg, 1977).
Nucleosomes consist of an octamer of 4 different core histones and a
single molecule of histone Hl. The core particle constrains ~145 base
pairs of DNA while Hl is associated with the linker DNA between core
particles. With approximately two left-handed windings per nucleosome,
the ratio of fully extended B-DNA to the 10 nm fiber is about 6-7.
Beyond this level, the manner in which chromatin is organized is poorly
understood. Both in isolated chromatin and in intact nuclei a 25-30 nm
fiber is most frequenly found (Williams et al., 1986 and references
therein), although a 50 nm fiber has also been reported (Sedat and
Manuelidis, 1978). How the 10 nm fiber folds into the 30 nm wide
Structure remains controversial. Solenoid, superbead, and

crossed-linker models have all been proposed, but the existing data are



not sufficient to decide between them (reviewed in Felsenfeld, 1986). A
30 nm fiber provides a further ~6-fold contraction of the original DNA
length.

Clearly, additional folding of the 30 (or 50) nm fiber is necessary
for it to fit into an interphase nucleus or a metaphase chromosome. A
major point of contention is whether this folding occurs via a discrete
higher order level(s) of packing or whether the 30 nm fiber represents a
"unit fiber" which folds into a continuum of different sized structures
(Sedat and Manuelidis, 1978 and references therein). Many technical
difficulties are faced in studies of higher order structure because of
the complexity of chromatin organization within the nucleus, the extreme
sensitivity of chromatin £o ionic strength, pH, and a host of other
variables, and the fact that structures in this size range fall below
the resolution limit of the light microscope yet are inconveniently
large for conventional electron microscopy.

While these bulk properties are certainly important, chromatin is
not a homogeneous substance, and it is the heterogeneities that have
stimulated the most intense interest. The reason for this is that local
variations in structural organization are likely to be linked with the
differential control of gene transcription (or DNA replication).
Eukaryotic cells can control the expression of a gene over a range of
more than 8-9 orders of magnitude, almost a million-fold greater range
than is observed in prokaryotic cells (Ivarie et al., 1983; Weintraub,
1985). The assessibility of particular DNA sequences to regulatory
factors and to the transcriptional machinery will almost certainly
depend on the manner in which these sequences are packaged into

chromatin. Treatment of nuclei with various nucleases has shown that



different regions of the genome are differentially sensitive to
digestion (reviewed in Weintraub, 1985). Hypersensitivity is often
found in mutationally defined cis-acting regulatory regions of
particular genes (e.g., McGinnis et al., 1983). Changes in sensitivity
are generally detected when a gene is activated or inactivated.

Two highly specialized types of chromosomes have provided the
paradigms for the differential organization of active and inactive
chromatin in interphase cells: lampbrush and polytene chromosomes. The
lampbrush chromosomes of amphibian oocytes consist of axial chromosome
fibers punctuated with dense structures called chromomeres from which
extend large DNA loops (Bostoch and Sumner, 1978). These lateral loops
are covered with actively-transcribing RNA polymerases. Polytene
chromosomes, found primarily in certain Dipteran tissues, are giant
banded structures made up of hundreds or thousands of parallel
chromatids that result from multiple rounds of DNA replication with
neither nuclear division nor chromosome segregation (Beermann, 1962).
When a banded region is heavily transcribed, it often decondenses into a
puff, the pattern of chromosome puffs being specific to both tissue type
and developmental time (reviewed in Ashburner and Berendes, 1978).
Lampbrush and polytene chromosomes thus supply a vivid picture, visible
in the light microscope, of genes in action.

The banding in polytene chromosomes has a highly characteristic
pattern, allowing detailed cytogenetic maps to be constructed (Painter,
1933; Bridges, 1935; Beermann, 1962). The specificity of the banding
Pattern indicates that chromatin is organized into regular higher order
domains ranging from a few to several hundred kilobases in length

(Beermann, 1962). One goal of this thesis has been to determine if this



regularity extends beyond the level of the chromomere or band to long
stretches of the chromosome. The idea of a defined intranuclear
chromosome topology has been around for over 100 years, but the
difficulty of analyzing the complex three-dimensional folding of
interphase chromosomes has prevented a definitive experimental test. In
the following paragraphs, I will review the development of this idea
over the past century, and place it in the modern context that has led
to its renewed appeal.

That chromosomes even exist as discrete entities between the
mitotic phases of the cell cycle was originally quite difficult to
demonstrate since the chromosomes unfold and generally disappear from
view. In the 1880's, Boveri was able to show that the conspicuous lobes

in the nuclei of Ascaris megalocephala blastomeres embryos are occupied

by telomeres both in telophase and in the ensuing prophase, indicating
that in the intervening period, chromosomes were maintained in
relatively fixed locations and did not lose their individuality (see
Wilson, 1925). At about the same time, Rabl observed that chromosomes
reappearing in early prophase were still in the polarized orientations
seen at telophase, with centromeres grouped on one side of the nucleus
and telomeres on the other (Rabl, 1885).

It was in this connection that the question of how chromosomes are
organized in the interphase nucleus first arose. The evidence
suggesting the morphological individuality of chromosomes throughout the
cell cycle was a significant factor in the development of the chromosme
theory of inheritance (Sutton, 1903, Wilson, 1925). According to this
theory, the hereditary particles or genes are borne by chromosomes, and

the behavior of chromosomes during meiosis and fertilization can be used



to explain many aspects of gene transmission, such as independent
assortment and segregation. One particular aspect of meiosis, the
pairing of homologous maternal and paternal chromosomes, first
stimulated the idea that chromosomes may hve a defined spatial
arrangement within the interphase nucleus. A specific interphase
arrangement, e.g., the association of homologs, could explain the
otherwise mysterious process whereby meiotic chromosomes are able to
locate and pair with their counterparts.

The relative positions of chromosomes in both premeiotic and
somatic cells has been extensively studied by measuring the distances
between pairs of chromosomes in squashes of metaphase plates. In many
plant and animal species, statistically nonrandom distributions of
homologs and non-homologs have been reported (reviewed in Avivi and
Feldman, 1980). Not all studies are in agreement on this point,
however, the data on mammalian cells being especially controversial
(e.g., Zorn et al., 1979; Coll et al., 1980). More recently, Bennett
(1983) made reconstructions from serially sectioned mitotic plant cells
to circumvent the problem of artifacts resulting from squashing. From
the relative positions of the centromeres, he concluded that chromosomes
had a preferred arrangement, on average, that could be predicted from a
model based on relative chromosome arm lengths. The model remains in
dispute, however, in light of both criticisms of the statistical
Procedures used (Callow, 1985) and the failure to confirm the model in
other organisms (Coates and Smith, 1984). Moreover, it is by no means
clear that results from cells in metaphase can be extrapolated to the

interphase condition.



Analyses of mitotic figures have, however, contributed to the
concept that the propinquity of certain metaphase chromosomes reflects
the formation of subdomains within the interphase nucleus in which
functionally related loci are brought together. Probably the clearest
example of this is the specific association of the acrocentric human
chromosomes: the nucleolar organizers are borne exclusively on these
chromosomes (see Bostock and Sumner, 1978). Heslop-Harrison and Bennett
(1985) have analyzed mitotic chromosome positions in plant hybrids and
noticed that the parental genomes were separated, with the set that
contributes most strongly to the phenotype of the plant being located in
the periphery of the other. They suggested that active genes may be
segregated to a peripheral nuclear compartment as a means of regualting
their expression.

Only a small amount of work has actually been done on interphase
nuclei. Evidence for an active peripheral zone comes from a study of
DNAase hypersensitive sites in isolated nuclei (Hutchison and Weintraub,
1985). Such sites, thought to mark active genes, appear to be
concentrated near the nuclear surface. Belmont et al. (1986) reported
that in triplo-X human fibroblasts, the two Barr bodies are
preferentially positioned in the nuclear periphery; however, no evidence
was found for a correlation between the positons of the two chromosomes.
Finally, by irradiating small areas of the nucleus with a laser and then
visualizing the damaged chromosome regions, chromosomes were shown to be
stably positioned within the nucleus in the polarized orientations first
noted by Rabl (Cremer et al., 1982).

Intergenic interactions have also been implicated from genetic

studies of so-called position effects. In Drosophila melanogaster, the




transposition of a gene into a new chromosomal site, either by
chromosome rearrangement or by P-element mediated transformation,
frequently alters the degree of expression (Spradling and Rubin, 1983).
When a euchromatic region is translocated to a positon next to a
heterochromatic breakpoint, many of the translocated genes are
inactivated in a variegated fashion from cell to cell (Baker, 1968;
Spofford, 1976). Such "position effect variegation" seems to occur by a
spreading in cis of a heterochromatic chromatin structure into the
affected genes. Interestingly, the addition of a Y chromosome or
certain portions of a Y chromosome ameliorates the inactivation effect.
Variegation also differs in both degree and pattern between tissues
bearing the same rearrangement.

For at least a small number of genes, the phenotype associated with
a pair of alleles appears to depend on whether or not the alleles are
homologously paired (Lewis, 1954; Jack and Judd, 1979; Gelbart, 1982;
Kornher and Brutlag, 1986). This phenomenon, termed the "transvection
effect”, implies that the relative locations of some genes may affect
the regulation of their expression. Another trans-effect has been
documented in males bearing translocations between the X chromosome and
an autosome: all such flies are sterile (Lindsley and Tokayasu, 1980).
The sterility cannot result from the breakpoint per se because the same
effect is seen with a wide range of X and autosomal breakpoints and is
always dominant.

Squashes of polytene nuclei have also been examined for specific
interactions between heterologous loci. Physical associations between
specific loci, incluidng the 5S ribosomal RNA gene cluster, and the

nucleolus have been reported in Drosophila (Steffensen, 1977; Ananiev et



al., 1981). In addition, a specific subset of bands has been shown to
interact with one another via ectopic fibers. The particular pair of
bands involved in each union are not always the same, but it is not
known with what frequency squashing breaks the fibers (Kaufman and
Iddles, 1963; Zhimulev et al., 1982). Telomeres are also often linked
to each other (Berendes, 1963). This is reminiscent of a similar
phenomenon in certain plant species which show specific end-to-end
associations of chromosomes (Ashley, 1979).

How might direct intergenic interactions or the specific
intranuclear positioning of genes affect gene transcription?
Activatable loci may be placed in unique intranuclear
"microenvironments" that either concentrate transcription factors or
organize the transcriptional machinery (e.g., as supposed for the
nuclear matrix; Jackson, 1986). One proposed mechanism for enhancers,
which are regulatory DNA sequences that control the expression in cis of
genes hundreds to thousands of base pairs away, is that they function by
segregating a genetic unit to an active nuclear compartment (Khoury and
Gruss, 1983). Transcriptional products or precursors may be channeled
either between loci or between a locus and a particular sector of
cytoplasm. This latter idea has been expressed by several authors with
regard to positioning genes in the nuclear periphery (Kaufman and Gay,
1958; Blobel, 1985; Hutchison and Weintraub, 1985). The idea is
especially attractive in light of the recent discovery that some mRNA's
are localized in specific cytoplasmic domains (Singer ref). The
transport of transciption (or replication) factors to particular loci
may also be facilitated by placing these loci either against a

two-dimensional surface, such as the nuclear membrane or the nucleolus,
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or in an effectively one-dimensional structure, e.g., a closely linked
cluster of sequences. The reduced dimensionality increases the
efficiency, relative to simple three-dimensional diffusion, with which
DNA binding proteins can search for their target sites (Berg and von
Hippel, 1985). Finally, physical interaction between loci may affect
cooperative chromatin transitions at either locus (Alberts et al.,
1977).

Clearly, direct experimental data on the actual layout of the
genome within the interphase nucleus is scant. Without a structural
framework in which to consider the ideas outlined above, it has been
virtually impossible to test them. Two previous attempts have been made
to construct three-dimensional chromosome models from intact polytene
nuclei. Skaer and Whytock (1975) made wire models from a small number
of salivary gland nuclei in three Dipteran species. They concluded that
chromosome folding was not trivially similar between nuclei. Agard and
Sedat (1983) used fluorescence optical sectioning microscopy to
construct a model of a Drosophila polytene nucleus. Citing preliminary
data from another nucleus, they suggested that strong similarities in
chromosome topology exist between nuclei. Missing from these studies
was a means of aligning the three-dimensional structure with the genetic
sequence; thus, the correctness of the models could not be checked nor
could a quantitative comparison between nuclei be made.

In the present work, the approach used by Agard and Sedat (1983)
has been modified and extended to allow a careful, objective study of
three-dimensional polytene nuclear structure. Rather than construct
physical models of nuclei, which are difficult to analyze

quantitatively, models were made with the aid a computer graphics system
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that allows models to be displayed on a color monitor and to be
quantitatively compared. The computer-based data collection and
modeling system is described in Chapter 1. The first phase of this
project involved in analysis of 24 salivary gland nuclei. Preliminary
results from 6 of them are included in Chapter 1. In the second chapter,
a thorough, quantitative study of these 24 models, including statistical
comparisons between nuclei, is described. A considerable number of
consistent chromosome packing motifs were identified. Centric
heterochromatin is invariantly positioned at the nuclear surface, while
telomeres are generally arrayed at the opposite pole of the nucleus,
resulting in a polarized (Rabl) orientation. Also associated with the
nuclear surface is a specific subset of loci, almost all of which
contain intercalary heterochromatin (Zhimulev et al., 1982).

Chromosomes are always in distinct topological domains, with the arms of
each autosome in close proximity but without other strongly favored
relative arm positions. Most surprisingly, chromosome coiling is
strongly chiral, with a predominance of right-handed gyres, and this
chirality does not require homolog pairing. No evidence of specific
three-dimensional configurations was found, although cell type
heterogeneity could not be completely ruled out.

Two major factors allowed such a large amount of data to be
analyzed and quantitated. First, conditions were found that preserve
sufficient optical clarity to permit unfixed, unembedded glands to be
optically sectioned. Second, by carefully tracking through the image
stack along the model, it proved possible to identify the specific
banding pattern in intact cells. In this way, the cytogenetic sequence

could be fitted onto the model so that a direct comparison of precisely
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the same chromosome regions in many nuclei became feasible. Thus,
intact nuclei under virtually in vivo conditions could be rigorously
studied.

The description of well-defined organizational motifs in salivary
gland nuclei led to the second phase of the project, the comparison of
chromosome spatial organization in different polytene tissues. By
studying nuclei in various cell types, the generality and possible
functional significance of these motifs could be assessed. Moreover,
the tissues studied cover a considerable range in polyteny, and thus,
the relationship between chromosome organization and nuclear size and
growth could be determined. Chapter 3 gives a detailed description of
nuclear architecture in 4-polytene tissues: the salivary gland,
prothoracic gland, middle midgut, and hindgut. In Chapter 4, I use data
from these tissues to explore the possible role of three-dimensional
genome architecture in modulating tissue-specific gene expression.

These comparative studies have proved to be extremely informative.
Chromosome-nuclear envelope interaction show a very similar specificity
in both prothoracic and salivary glands. On the other hand, centric
heterochromatin is positioned in the nuclear interior in the former
tissue, in contrast to its invariant envelope association in the latter.
The nucleolar organizer, at the base of the X chromosome, is tightly
associated with the nucleolus, but no other chromosome locus is. No
evidence was found for specific interactions between heterologous loci
in any tissue either by statistical analysis of chromosome folding or by
direct examination of chromosome models.

These experiments, which represent the first direct test of a

potential role of three-dimensional gene positioning in gene regulation,
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have shown the following. While specific chromosome regions are affixed
to the nuclear envelope with high frequency, the similarity of these
frequent contact sites in two tissues with very different patterns of
gene activity indicates that peripheral localization is not a necessary
condition for tissue-specific gene regulation. Loci in centric
heterochromatin may be an exception to this rule. The absence of
specific interactions between any euchromatic locus, even the 5S RNA
gene cluster, and the nucleolus demonstrates that these are also not
required for proper cell function. Finally, the fact that no pair (or
small number) of loci that are not closely linked along the DNA axis
specifically colocalizes within the nucleus of any cell type is
inconsistent with models ef nuclear function that stipulate such
intergenic interactions. These conclusions, while of a rather negative
character, are complemented by several useful insights into genome
organization. If chromosomes fold up essentially as random linear
polymers and remain in relatively fixed positions throughout interphase
(see below), genetic transactions that involve the close juxtapositon of
DNA molecules will be profoundly constrained. Such transactions include
recombination, certain kinds of DNA repair, and perhaps even some cases
of transcriptional regulation. I will consider several possibilities
for the latter in Chapter 4.

Other, often suprising conclusions could be drawn from these
comparative studies. A right-handed chirality is a basic property of
polytene chromosome coiling. Indirect evidence suggests it may arise in
the interphase nucleus before or in the earliest stages of
polytenization; as such, it raises interesting questions about

chromosome substructure and DNA topology. I will also present data
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indicating that general packing motifs such as the Rabl orientation,
nonintertwined chromosome domains, and nearest-neighbor packing of
autosome arms are vestiges of the last embryonic mitosis, implying an
extraordinary degree of positional stability within the interphase
nucleus. Centric heterochromatin has a unique structure in each tissue;
this has implications for tissue-specific differences in positon effect
variegation and other aspects of heterochromatin function. Condensed
nucleolar chromatin also has a tissue-specific organization, a result
with intriguing genetic parallels (Endow, 1983; DeSalle and Templeton,
1986). Finally, morphometric measurements reveal an unexpected
correspondence between polytene band structure and diploid chromatin;
they also provide boundary conditions for models of band substructure
and uncover tissue-dependent properties of relative nuclear and
chromosome growth.

Chapter 5 provides a description of the polytene chromosomes from
the three non-salivary gland tissues based on work with squashes. A
model study of heat shock puffing in these tissues is included which
reports an unusual kind of regulation of activity at the two hsp70 loci
in the midgut. This represents the first detailed description of the
chromosomes in these tissues and the first comparative study including
autoradiographic analysis. It should therefore be of considerable
utility to cytogeneticists studying polytene chromosome structure and
function. The appendix describes methods for preparing salivary glands
for three-dimensional immunofluorescence studies of nuclear antigens by

optical sectioning microscopy.
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Chapter 1

Light Microscope Based Analysis of Three-dimensional Structure:

An Initial Study of Drosophila Salivary Gland Nuclei.
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ABSTRACT

Many biological structures are large enough that they may be viewed
by light microscope methods, yet they are sufficiently complicated that
interpretation of what is seen is quite difficult. The salivary gland
nuclei from Dipterans are an example of this. Previous attempts at
determining the path of the giant chromosomes in these nuclei have
depended on the laborious construction of models by hand. Here, a
computer-based system for recording and analysing light microscope
images, combined with classical cytogenetic analysis, has revealed the
spatial organization of Drosophila salivary gland chromosomes. Each
polytene chromosome arm folds up in a characteristic way, contacts the
nuclear surface at specific sites and is topologically isolated from all

other arms.

INTRODUCTION

There is little direct observational evidence for a large-scale
regular architecture in interphase nuclei (briefly reviewed in Agard &
Sedat, 1983). Extensive indirect evidence for a determined structure
comes from studies of transvection (Lewis, 1954; Jack and Judd, 1979;
Gelbart, 1982), position-effect variegation (Baker, 1968; Spofford,
1976), chromosome rearrangements (Werry, et al., 1977; Holliday, 1964;
Cohen and Shaw, 1964), and ectopic pairing (Kauffman and Iddles, 1963).

We have chosen to work with the polytene chromosomes of the
Drosophila salivary gland for several reasons: (1) they are large,
having gone through about 10 rounds of replication without nuclear
division, throughout which the homologous chromatids have remained in

almost perfect lateral alignment, thus rendering the interphase
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chromosomes visible under the light microscope; (2) there are only five
major arms (X, 2L, 2R, 3L and 3R); and (3) they have a highly
determinate pattern of condensed chromatin regions, known as bands,
which have been catalogued in detail (Bridges, 1935) and which serve as
a unique physical reference for correlation of structure to an extensive
body of genetic data.

While the polytene chromosomes from Dipteran flies have been
intensively studied for 50 years (Bridges, 1935; Painter, 1933), the
investigations have been primarily with squashes. Squashing preserves
the gross morphology of the individual chromosomes and spreads them for
easy viewing, but the native structure of the entire nucleus is
destroyed. Physically seetioning samples, whether for electron or light
microscope observation, causes less drastic, but still significant
changes in the overall nuclear morphology.

Previous attempts to delineate the organization of the nuclear
contents in polytene nuclei have demonstrated certain problems with both
the biological material and the use of simple physical models (Agard &
Sedat, 1983; Skaer & Whytock, 1975, 1976). The Drosophila salivary
gland is not the optimal structure optically for such a study,
particularly with the use of fixatives (Skaer & Whytock, 1975, 1976).
Physical models of nuclei, showing the paths of the polytene
chromosomes, have been constructed (Agard & Sedat, 1983; Skaer &
Whytock, 1975), but in no published case has the model been checked
against the cytology to identify all of the chromosome arms. Little
progress was made beyond the construction of simple wire models. One
such study concluded that even though the telomeres and centromere$

interact with the nuclear surface, the chromosome paths were not similar
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between two nuclei (Skaer & Whytock, 1975). The evidence cited earlier,
however, indicated that there should be some conserved order in these
nuclei.

In order to approach this problem, we felt that a new methodology
was needed. Earlier model building studies clearly indicated that there
is considerable variation between nuclei. As a consequence, determining
the significant components of nuclear architecture requires sifting
those structural features which are conserved from the random
fluctuations in chromosome position. The chromosomes are large enough
that an optical microscope can be used to view the chromosomes within
the nuclei in intact salivary glands (Skaer & Whytock, 1975; Agard &
Sedat, 1983). Serial optdcal sections produced by focusing through a
sample provide a source of data for the determination of the chromosome
paths. By utilizing two newly developed tools, a computer-controlled
data collection system and a computer-aided modelling system (IMP), it
is now possible to rapidly determine the paths of the chromosomes in
individual nuclei and to make meaningful structural comparisons between
nuclei.

We provide here a general description of the computer-based data
collection system and chromosome modeling and analysis techniques that
have been developed. We also report the analysis of a set of nuclei in

the unfixed salivary glands of a Drosophila melanogaster larva. The

appearance of striking organizational motifs, based on quantitative
comparisons of the paths of the chromosomes, implies the existence of an
underlying order present beneath the considerable flexibility in the

overall structure.
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MATERIALS AND METHODS

Samples

Salivary glands from late third-instar D. melanogaster larvae
(Oregon-R, inbred for 38 generations) were carefully dissected into a
buffer optimized for preservation of chromosome structure (Buffer A;
Sedat and Manuelidis, 1978; Hewish and Burgoyne, 1973). Buffer A
consists of 60 mM KC1l, 15 mM NaCl, 0.5 mM spermidine, 0.15 mM spermine,
15 mM PIPES, pH 7.5. The glands were stained with 100 ug/ml of the DNA
specific dye 4', 6-diamidino-2-phenylindole (DAPI, Sigma) for 1 h. They
were then washed, mounted between bridged cover slips, and sealed with

paraffin oil. -

Microscope

Data sets were collected using an inverted Zeiss Axiomat microscope
slightly modified from an earlier study (Agard & Sedat, 1983). The tilt
stage described in that study was not used; instead a slide holding
stage was employed. The samples were viewed using epifluorescence
optics which included a Zeiss 100X/1.3NA planapo achromat objective with
425 nm barrier filter, 420 nm dichroic mirror; excitation was by the
405-408 nm Hg line. The external focus drive motor is controlled by a
Commodore PET microcomputer which is linked, in turn, to a VAX 11/780
minicomputer.

The image processing software runs as a single user program on a
timeshare VAX 11/780 minicomputer. The VAX has three System Industries
300 Mbyte disks and a Kennedy magnetic tape drive for storage. The

image processor is a DeAnza/Gould IP6400 with three image frames,
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graphics overlay, digital video processor and a video rate analogue to
digital converter. The image processor is connected by coaxial cable to
the cameras mounted on the Axiomat microscope. The two cameras, a SIT
and a Chalnicon, are both from the DAGE-MTI 66 series. A Barco CD51HR
color monitor is the primary viewing device, while an RCA TC1209 is used
to monitor data collection, and an RCA TC1212 directly monitors the
camera. A Dunn Instruments 632 Color Camera System is used for taking
photographs of the image processor output. A Floating Point Systems
model 100B array processor became available during the course of this

work (Fig. 1).

Software

It was recognized at the outset of this work that the structural
determinants present in polytene nuclei would not be immediately
apparent. The basic tenet of our approach is that structural problems
should be analysed at sequential levels of abstraction. The lowest of
these levels is manipulating the data, the next level is modelling the
data, and the one above that is analysing the model. In general then,
each succeeding level is based upon, and uses as input data, the results
of the lower levels. In order to facilitate the analysis of structure
and the development of further methods of analysis, it is essential to
be able to move between equivalent 'points' at these various levels of

abstraction.

Data collection.
Each frame (picture) is a 512x512 array of picture elements

(pixels). The intensity of each pixel is stored as an unsigned byte,
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and has the range 0-255. Typical data sets consist of twenty-four
frames or a total of 6 Mbytes per data set. Each frame is generated by
averaging the digital representation of the video signal from the camera
256 times. This operation occurs within the image processor and greatly
improves the signal to noise ratio. Averaging occurs at video rates,
with the conversion from the video signal performed by the image
processor's digital to analogue converter. An averaged frame is
available after 8 s. Faster data collection can be accomplished by
averaging over fewer frames. Single unaveraged frames can be collected
at 1 s intervals: 1/30 s to digitize the frame and 1 s to move the frame
from the image processor to disk storage. The time required to collect
a data set using maximum averaging is about 4 min. The data sets were
not computationally processed to remove out of focus information as the

images were sufficiently clear as collected to allow model building.

Modeling

The tool used in processing the data set is IMP (Interactive
Modeling Program) (written by David Mathog). IMP allows an operator to
start from a data set, construct a model from it, and to analyse certain
features of that model. The time required to build a model depends both
upon the operator's experience and on the complexity of the object. In
practice, the minimum time for laying out the paths of the chromosomes
within a nucleus is about a day. Models constructed by IMP are composed
of points which are interconnected to represent paths, which may be
branched. Once a model is partially built, it may be viewed as a stereo
pair using a (software) vector representation (Fig. 4). This stick

model can be rotated in nearly real time, so that it may be viewed from
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different angles. Completing a model is facilitated by this feature as
it allows the user to view the entire model at once, rather than just a

restricted section of it.

Analysis

A major benefit of computer modelling over physical model building
is that the model is in a form amenable to further processing. Visual
analysis of complicated three-dimensional objects can be both
time-consuming and misleading. A model may look radically different
depending on the angle from which it is viewed. As simple a quantity as
curvature can be readily misjudged. For many quantities of interest it
is possible to define simple algorithms which do not suffer from the
ambiguity often present in visual analyses. Quantities such as
curvature, distance to the nuclear surface, and distance between points
are all rotationally invariant; they may be calculated and displayed in
a format which is unambiguous. Figure 2 indicates the overall scheme
for the data collection and transformations, and also points out some of

the advantages of these novel techniques.

RESULTS

The central question addressed in this study was whether the
configurations of the chromosomes within an interphase nucleus are in
some way determined. If so, one expects that in a single tissue at a
given time in development, there will be similarities between these
configurations in all the nuclei. Similarities can be gauged by

analysing various quantitative properties of the three-dimensional
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chromosome paths as a function of cytological position and comparing
them between nuclei.

Plots are presented as a function of cytological position, rather
than linear position along the chromosome, because of certain inherent
complications in the use of the latter. The length of the same arm from
different nuclei is not necessarily the same, for several reasons. The
proximal endpoints of the arms are not well defined because the
chromosomes are difficult to follow in the large, intensely fluorescing
region where all the centromeres fuse (the chromocenter). Differences
in the compression within the arms themselves and small modelling errors
also lead to variation. To circumvent this problem a set of fiducial
marks along the arms is needed which can be used to align the
chromosomes from different nuclei. These are provided in the polytene
banding patterns for which detailed cytological maps exist (Bridges,
1935; Lefevre, 1976). With the quality of data now available, band
positions can be directly determined in the intact gland (Fig. 3).

Also, to facilitate comparisons of quantities plotted as a function of
cytological position, these marks (bands) were fitted onto a standard
grid with intervening points placed by linear interpolation (Figs. 5-6).
An important additional benefit of overlaying the cytology on the
chromosome paths is that it serves as a check on the correctness of the

models.

Visual inspection of nuclear models
Several significant results can be gleaned from the models even
without knowledge of the detailed cytology. The most obvious is that

the chromocenter always abuts the nuclear envelope (Fig. 3b). This is
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in agreement with what is seen in Drosophila early embryos (Ellison and
Howard, 1981) and also in other organisms (Fox, 1966; Skaer and Whytock,
1975). Whether or not this structure can slide along the nuclear
surface cannot be determined from these data. There do seem tq§bgv_
limits on the extent to which it may roam this interior surface; in all
the nuclei investigated, it is always in the hemisphere of the nucleus
that is away from the lumen of the gland. Interestingly, centromeres
are polarized towards the outside of the embryo (Ellison and Howard,
1981). In most nuclei a large fraction of each chromosome is curled
into a series of loops or irregular helices with the telomeres lying at
the opposite side of the nucleus from the chromocenter (Fig. 4a).
Another striking feature of the models is the invariant confinement of
each chromosome arm to its own topological domain; the arms never
intertwine or knot around one another (Fig. 4c). This is true despite
the extensive, complicated interfaces between them, indicating that the

chromosomes are not wound through the nucleoplasm at random.

Quantitative analysis of nuclear models

It was quickly realized that simple visual inspection, even of
rotated stereo models, would be of limited usefulness and could in fact
be misleading. Because these nuclei are far from identical, any further
search for common features requires translating the models into a form
which can be examined objectively. By analysing various parameters that
describe properties of the modeled chromosomes, one can extract their
salient structural features. Derivation of these parameters and their
plots is given elsewhere (Mathog, 1985). We describe here the important

architectural features revealed by such an approach. These include
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definable chromosome folding patterns, specific chromosome contacts with
the nuclear envelope, and, less firmly established, a hierarchy of
perferred chromosome arrangements within the nucleus. In all cases,
these elements can be referred to specific cytogenetic sequences, making
the investigation of structural organization at once more precise and

more readily related to functional aspects of the nucleus.

Folding patterns of individual chromosomes

As the chromosome cable folds up in three dimensions, certain
points which are well separated along the axis of the chromosome may
approach each other quite closely in space. Such interactions can be
visualized graphically in an intradistance map (Rossman and Liljas,
1974). The distances between the three-dimensional positions of all
pairs of points on a chromosome are measured; these distances are
plotted in a two-dimensional map. Distances larger than a cutoff
distance of 8 uym are plotted as zero in the map. In these plots, both
axes represent cytological position along the chromosome, the centromere
being at the origin. An interaction between points which are not
immediately contiguous along the arm will appear as a non-zero region
located off the diagonal in the map (illustrated in Fig. 2d,e). Note
that distance is measured from the chromosomal midlines defined by the
model and that the chromosomes are, on average, 3-4 um wide.

At first inspection, the intradistance maps of the same chromosome
in different nuclei seem quite divergent. Nevertheless, common features
in the set of six intradistance maps for a given chromosome arm are
found when an appropriate statistical operation is performed on the

collection. The operation we use calculates a generalization of the
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median value, called the rank order value; the rank = n value is the nth
highest value in a distribution of values. The value for each point in
a rank plot is derived from the distribution of values of the equivalent
point in the original maps. In a rank = 4 plot, each non-zero patch
marks an area of intrachromosomal apposition found in at least four of
the six nuclei studied. Conserved regions are found throughout all of
the arms. In Fig. 5, a rank-ordered intradistance plot of the X
chromosomes shows a series of bars extending perpendicular to the
diagonal. This kind of graphical feature is the hallmark of a loop in
the model path and can be characterized by both its length and its
location on the chromosome (Fig. 5b). A series of such loops is seen in
the consensus structure of X. By evaluating such statistically ordered
graphic signatures for each chromosome, it is possible to obtain an idea
of their preferred configurations. The patterns are rather more
complicated for the other chromosomes. The data indicate that a basal
set of characteristic local conformations is available to each arm which
is nonetheless compatible with considerable freedom in the global

structure.

Spatial relationships between different chromosomes

In contrast to the above intradistance plots, pairwise comparisons
between different chromosome arms (interdistance plots) reveal few, if
any, specific interactions in this collection of nuclei. Only the 3L
versus 3R diagram (at rank = 3) has an area of contact which is
moderately conserved, centered at 72CE of 3L and 88AB of 3R (data not
shown). The interdistance plots can still be used to obtain an idea of

the nearest-neighbour relationships of the five chromosome arms for each
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nucleus. This is done simply by counting the number of close approaches
in each pairwise comparison plot. Certain arrangements, although not
unique, are seen much more frequently than others. The clearest
examples are: the arms of a given metacentric chromosome are usually
next to each other, 3L is always far away from 2R except at the
telomeres, and most of the X is well separated from 3R.

It appears that the chromosomes are packaged nonrandomly within the
nucleus but without a determined set of pairwise interactions with
specific sites on their nuclear neighbours. A caveat to this
interpretation is that we have implicitly equated specific 'apposition'
with 'interaction'. While this is probably valid in most instances, it
does dismiss longer range-and indirect interactions. For example, it is
well known that ectopic fibres can sometimes reach enormous lengths,
particularly in Chironomus where fibres as long as 45 um have been

observed in unsquashed nuclei (Quick, 1980).

Arrangement of chromosomes in relation to the nuclear surface

The role of the nuclear envelope has been emphasized in several
models of nuclear organization (Comings, 1968; Brash and Setterfield,
1974; Vogel and Schroeder, 1974). Evidence supporting these models
includes surface associations of chromosome ends (Boveri, 1888; Dupraw,
1965), ectopic fibres (Quick, 1980), and replication complexes (Comings,
1980). Accordingly, we were interested in determining how the
chromosomes in our models were positioned with respect to this
structure.

The chromosomes are intimately associated with the nuclear envelope

at many points over its entire inner surface; this can be verified
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directly using phase or Nomarski optics or by specifically staining the
envelope. The parts of the chromosomes closest to the envelope thus
define a convex boundary equivalent to the inner surface itself. This
boundary is evident in Fig. 3. A close approximation to this surface
can be constructed from several hundred planes which are tangential to
the model (Mathog, 1985). This is equivalent to inscribing the model
within a multifaceted polyhedron. The minimum distance from this
surface to each point a chromosome is then calculated and plotted (Fig.
6). Figure 6a and 6b, for example, shows the plots of the six
corresponding 2L and X chromosome arms, respectively. There are many
regions that vary quite freely. On the other hand, points that show a
close convergence of lines indicate a nonrandom relationship of the loci
to the nuclear surface. These relatively fixed points are almost all
located on the nuclear surface and are nearly all at loci which have
previously been singled out for several structural peculiarities. These
special features, collectively referred to as intercalary
heterochromatin, include frequent ectopic pairing, late replication, a
strong tendency to split or break in squash preparations, and a
proclivity for chromosome rearrangement (Kauffman and Iddles, 1963;
Zhimulev et al., 1982). Figure 7 summarizes these contact sites and
compares them with regions of the chromosomes containing intercalary
heterochromatin. There is a strong correlation between the conserved
surface sites and the intercalary heterochromatin regions. The surface
contacts may result from the formation of particular chromosome
configurations, or they may actively determine these configurations; we

cannot distinguish between these alternatives on the basis of our data.
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When one compares the plots of one particular arm from different
nuclei, some regions (as much as two-thirds of the total length) often
show strikingly similar relationships to the envelope; Fig. 6c and d
give two examples of this. The simplest explanation for such strong
pathway homologies between segments of chromosome arms in different
nuclei is that there is a small set of folding conformations which can
be assumed by particular segments; thus in any group of nuclei several
different but nonrandom patterns will be observed. In any case the
plots do show that many parts of the chromosomes do not haphazardly

contact the membrane.

DISCUSSION -

The difficulties encountered in determining the three-dimensional
structure of biological objects from serial sections are more often
technical than theoretical. Given an appropriate sample, the techniques
for data collection outlined in this paper are applicable. Others have
observed that optical sectioning presents a rapid and accurate method
for probing a sample (Skaer & Whytock, 1975; Agard & Sedat, 1983). We
have found that the application of computer control to the process of
optical sectioning greatly increases the speed and precision with which
these sections can be made. The use of video cameras allows rapid
collection of high quality pictures from each focal position. We have
also found that nuclei can be successfully modelled without using two or
more tilted sets of serial optical sections as was done in a previous
study (Skaer & Whytock, 1975).

While the images used in the model building and analysis were

derived from serial optical sections, they need not have been. Serial
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electron micrographs, CAT scan sections, or even planes of electron
density from X-ray crystallographic studies would have served equally
well. The modelling system which was implemented requires only that a
stack of aligned images be presented to it. Because of this, the
approach described here can be simply applied to numerous other fields
of study.

From the data presented here, a detailed three-dimensional picture
of an interphase nucleus, with features down to the level of the
specific cytogenetic banding pattern, begins to emerge. Overall, the
architectural arrangement retains a significant degree of flexibility,
but at the local level the configurations and dispositions of the
chromosomes are quite narrowly circumscribed. Chromosomes fold up in
highly characteristic ways, usually in a series of specific loops of
definable length and position which often form roughly helical
structures. Their centromeres, fused into the chromocenter, appose the
nuclear surface while their telomeres tend to congregate around the
opposite nuclear pole. The curling and twisting arms respect strict
topological boundaries with respect to one another, in no instance
wrapping around a neighbour. Some preference for certain
nearest-neighbour arrangements is also seen. Finally, several nonrandom
contacts with the inner nuclear surface are made by chromosomes as they
pack into the outer regions of the nucleus.

The confinement of chromosome arms to separate topological domains
is a striking result that does not necessarily follow from the other
features of order which we have found. How might this strict separation
be maintained? The way in which the individual arms fold up, perhaps

involving ectopic fibres, may preclude their interweaving. Another
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possibility is the specific scaffolding of individual arms within the
nuclear sap to a protein matrix or to the nuclear envelope. Perhaps the
domain restrictions can be best understood as a stable arrangement of
the chromosomes established shortly after the completion of the last
embryonic mitosis. The Rabl orientation is generally thought to reflect
the configuration of the chromosomes in the preceding telophase
(Fussell, 1975). The topological independence of the chromosome arms
can be viewed as a natural extension of this data. There are several
precedents for the limitation on interphase chromosome movement that
would be required by such an interpretation (Sperling and Luedtke, 1981;
Zorn et al., 1979; Herreros and Giannelli, 1967).

The most frequent chromosome-envelope touchpoints almost all map to
sites of intercalary heterochromatin (Zhimulev, et al., 1982)(Fig. 7).
Heterochromatin is known to aggregate near the nuclear surface in
certain tissues. Skaer et al. (1976) noted that the patches of
heterochromatin are tightly attached to the nuclear membrane. It is
possible that the sites catalogued here may also serve as specific
anchor points to the nuclear envelope. ~50% of the sites of strong
ectopic pairing (S3 bars in Fig. 7), neglecting the extreme proximal
regions of each arm, are found to make frequent surface contacts. Why
one subset of intercalary heterochromatin sites should be preferentially
on the surface while the rest are not is unknown. Because of the
limited number of nuclei included in this study we cannot distinguish by
our criteria between sites which are not strongly conserved and sites
which are not conserved at all.

From the intradistance plots, conserved regions of folding can be

observed within each of the individual arms, the most common motif being
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the loop. The loops could be the consequence of ectopic fibre
connections or simply the mechanical characteristics of the synapsed
chromosomes themselves. The pattern of attachment points on the
envelope may also be important.

A basic assumption made in this study is that all the cells in the
gland are in equivalent states. However, if chromosome conformations
are very labile, we may have caught the different nuclei of the sample
at various points in a spectrum of conformations. To test this, a
living gland (by the criterion of trypan blue exclusion at the end of
the test period) was continuously viewed by phase contrast optics over
several hours. Pictures were taken at regular time intervals. No
change in position of any-chromosome region could be detected when the
frames were compared (data not shown). Neither could any disruption of
the nuclear contents be detected over a long period of time in the
buffer conditions used to collect the image data. Moreover, these
glands have not been fixed and thus are not subject to the well
documented artefacts which fixation regimens can create (Skaer and
Whytock, 1976).

The conclusions one draws from such models do not depend on who
constructs them even though different model builders' placement of
points within the 3-4 um-thick chromosomes may vary slightly. One
nucleus was modelled independently by two of us. The resulting
reconstructions differed in only trivial ways from one another, and more
importantly, the resulting quantitation plots were virtually
indistinguishable.

A more difficult problem in this analysis concerns the small sample

size. There is no good foundation for predicting a random set of



33

conformations as a statistical control, as we know very little about the
boundary conditions. The restricted volume of the nucleus, exacerbated
by the excluded region occupied by the nucleolus; the centromeric fusion
of all the arms; limits on the mechanical deformation of the chromosome
cable; and other constraints all restrict the ways in which the
chromosomes can fold. Defining these boundary conditions is, of course,
a major goal of our analysis. We are analysing more data both for this
purpose and for reducing the problem of limited sample size.

There are several means by which a nonrandom chromosome
organization within the nucleus can be rationalized (Comings, 1968;
Comings, 1980). As discussed above, at least certain aspects can
probably be best understoed as relics of the last embryonic mitosis of
these nuclei. Also, certain folding patterns and chromosome
arrangements may simply fit more easily into the confined space of the
nucleus. An additional coercive force on interphase chromosome
arrangement could be the requirement that chromosomes in germ-line
tissues be able to pair with their homologues during meiosis (Comings,
1968; Franke, et al., 1981; Avivi and Feldman, 1980; Finch et al.,
1981). maintaining a defined spatial arrangement of chromosomes would
greatly facilitate the orderly pairing and segregation of homologues,
and somatic tissues could conceivably bear vestiges of this order.
Certainly the somatic nuclei of the Dipterans, with their tightly paired
homologues, attest to this possibility. Nonrandom arrangements of
homologues and non-homologues is now supported by a wealth of
cytological data in a variety of species (Cohen and Shaw, 1964; Avivi
and Feldman, 1980; Becker, 1969), although the evidence in mammals

remains controversial (Zorn et al., 1979; Coll et al., 1980).
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A more radical rationale for determined configurations of
chromosomes in the nucleus is that they are involved in gene expression.
As few tools have previously been available to test this idea, the
evidence is rather scant. We can now identify a large number of loci in
their unperturbed three-dimensional context, providing a means of
studying this problem. One straightforward approach would be to analyse
the locations of known active loci as a function of developmental time.
The glue protein genes and the ecdysone-induced puffs would be the first
choices in such experiments. Indeed we have begun to measure the

spatial relationships of the latter group in the present data set.
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FIG. 1. Schematic diagram of the hardware on which the CAMA system has
been implemented. Arrows indicate data paths. AP: array processor; IP:
image processor; TTY: terminal; PET: Commodore PET microcomputer; FA:
microscope focus drive; TD: microscope tilt stage drive; Cl: SIT camera;
C2: Chalnicon camera; Sl: coaxial switch; M1,2,3: video monitors; Dunn:

Dunn Industries colour camera system. See text for more detail.
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Fig. 2. The overall scheme of the study. The structural information of
each nucleus was analysed in situ. a) The sample gland: open circle,
nuclei for which data were collected and preliminary models build:
filled circle, nuclei used in this study. Fluorescently stained
chromosomes were imaged using a high resolution objective lens with a
shallow depth of focus. Incrementing the focus in regular steps through
a nucleus effectively sliced it into a stack of images. b) The pathways
of the different chromosomes were then traced using the program IMP,
which moves a cursor within the data stack and uses it to place points
along each arm. c) The vectors connecting these points defined a
'stick-figure' model. The model lines traced over the data set (see
Fig. 3b) indicate to which path each piece of chromosme belongs,
simplifying the cytological determination. Typically 25-35 bands,
distributed all along the arm, were noted on the model. This was done
for each arm. e) Chromosome pathways were then analysed for several
properties, which are represented in a series of graphs. After the axes
were normalized to the known banding pattern, these graphs were used to
compare chromosomes from different nuclei. A cross-hair (shown in e)
marks the positions in this plot which correspond to locations on the
model. The regions in the model which gave rise to the targeted feature

are marked in d by the two dots. CC, Chromocentre; T, telomere.
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Fig. 3. Two sample frames from the original data sets. Each represents
the averaged digital image (512x512 picture elements of pixels) of 256
video frames. Twenty-four such images, conprising 24 successive focus
steps through a nucleus, make up the image stack. The chromosome
banding patterns visible in these preparations are virtually the same as
those seen in unstained squashes. It is possible to roughly stage this
gland at about PS7 or PS8 using the well established puffing sequence
which characterizes the late third-instar/prepupal stages of development
(Ashburner, 1972). a) A frame near the top of an image stack from a
nucleus. At least partially visible in this plane are two telomeres
(T). b) A frame in the middle of a stack from another nucleus: the
chromocentre (CC) and part of the nucleolus (Nu) are visible. Some
cytogenetic loci are indicated. Lines along the chromosomes indicate

the model paths.
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Fig. 4. a,b) Stereo pairs of two of the nuclear models. (Note that
stereo glasses will reverse the handedness.) Corresponding chromosomes
in the different models are assigned the same colour (green=X,
orange=2L, blue=2R, purple=3L, light blue=3R). Models can be
manipulated in several ways for visual inspection including rotation in
near real time, selective blacking-out of sectors and chromosomes, and
marking of cytological features. In a the telomeres (0) and
chromocentre termini(+) are indicated to highlight the Rabl orientation
(Rabl, 1885). In b the active puff sites for glands at this
developmental stage have been indicated by small squares (Ashburner,
1972). c¢) The 3L and 3R chromosomes from b are shown with all
cytologically identified sites marked with small squares. Confinement
of individual chromosome arms to separate topological domains is
illustrated in this view; while the chromosomes press together quite

closely they do not wrap around one another.
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Fig. 5. The most comomon folding motifs which characterize the
packaging of the X chromosome in the nuclei. Plot a was derived as
follows. First, the intradistance plot (Rossman and Liljas, 1974) for
each of the six X chromosmes was determined from its three- dimensional
model. The ordinate and abscissa are identical, representing
cytological position along the chromosome, the centromere at the origin;
what is displayed is the distance in space between each pair of points
on the chromosome, distances larger than 8 um being plotted as zero.
Contour lines were drawn immediately at every step of 1 um up to a
maximum at 8 um. Points immediately contiguous along the axis of the
chromosome are necessarily close together in space; these together form
the diagonal region in the plot. Non-zero areas off the diagonal
represent regions on the chromosome which are close in space and thus
indicate the chromosome's folding pattern (see Fig. 2 d,e for example).
The second step was to consider the plots for all of the X chromosomes
together in order to find their common features. The values at each
position in the 6 original intradistance plots were sorted in order of
ascending value. The largest value was given a rank = 6, the smallest a
rank = 1. A "rank-ordered" plot was thus constructed. The plot shown
uses the rank = 4 values for all positions in the graph, thus in four
out of six nuclei, the chromosome points represented at each position
are as close as or closer than shown in the plot. The bottom part of
the figure (b) represents our interpretation of the rank-ordered plot
for the X chromosome, showning the location of folding features.
Feature centre (v), interior (---), ends (###). The features centered
at the start of numbered divisions 3,5,9 and 12 are typical loops or

foldbacks. Note that some, but not all, of them overlap.
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Fig. 6. A-D, Plots of the distance from cytological points along a
chromosome to the nuclear surface. Full scale on the vertical axis is
10 ym. Each horizontal division corresponds to two numbered cytological
divisions, with the chromocentre at the left. Conserved contacts are
indicated by arrows. A) Superimposed graphs for the six 2L arms. B)
Superimposed graphs for the six X chromosomes. C,D) Several of the
contributing X chromosome plots are shown individually. The underlines
indicate regions with strong similarities. The surface is represented
by a convex polyhedron tangential to the model at each of its facets, as
described in the text. A simple algorithm for generating the facet
planes is described by Mathog (1985). The distances plotted here were
measured from each point along the chromosome arm to the closest point

on the polyhedral surface.
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Fig. 7. Features characteristic of intercalary heterochromatin compared
with conserved surface contact sites. Each horizontal scale is divided
into the 120 lettered cytological subdivisions for each chromosome arm;
the first square of each numbered division is filled. Weak points (W)
and ectopic pairing points (E) are shown on top scale. Their
frequencies of observation have been binned here into steps of 10% (W)
and 1% (E) (intermediate values rounded to next highest bin). Grey bars
indicate regions where they made no observation. Our surface contact
sites are shown on the corresponding bottom scales. Large solid bars
indicate surface apposition in six out of six nuclei, small solid bars
in five out of six nuclei with the sixth at a peak in the distance to
surface plot, and large broken bars mark all other cases of five out of
six. The pair of small broken bars at 3C and 4D indicates that either
site is on the surface to the exclusion of the other. The chromocentre
(CC) and telomeres (T) are marked. The resolution of the surface sites
is about one lettered subdivision. Data for the 2L and X chromosomes

are shown in Fig. 6a,b.
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Chapter 2

The Spatial Organization of Chromosomes in the Salivary Glands of

Drosophila melanogaster
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ABSTRACT
Using a computer-based system for model building and analysis,

three-dimensional(3-D) models of 24 Drosophila melanogaster salivary

gland nuclei have been constructed from optically or physically
sectioned glands, allowing several generalizations about chromosome
folding and packaging in these nuclei. First and most surprising, the
prominent coiling of the chromosomes is strongly chiral, with
right-handed gyres predominating. Second, high frequency appositions
between certain loci and the nuclear envelope appear almost exclusively
at positions of intercalary heterochromatin; in addition, the
chromocenter is always apposed to the envelope. Third, chromosomes are
invariably separated into mutually exclusive spatial domains while
usually extending across the nucleus in a polarized (Rabl) orientation.
Fourth, the arms of each autosome are almost always juxtaposed, but no
other relative arm positions are strongly favored. Finally, despite
these non-random structural features, each chromosome is found to fold
into a wide variety of different configurations. In addition, a set of
nuclei has been analyzed in which the normally aggregated centromeric
regions of the chromosomes are located far apart from one another.
These nuclei have the same architectural motifs seen in normal nuclei.
This implies that such characteristics as separate chromosome domains
and specific chromosome-nuclear envelope contacts are largely
independent of the relative placement of the different chromosomes

within the nucleus.

INTRODUCTION
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Eukaryotic cells contain enormous lengths of DNA which must undergo
considerable packing to fit inside the interphase nucleus. The packing
is accomplished through multiple foldings of the DNA molecule within
each chromosome and the folding of the chromosomes themselves inside the
nucleus. This hierarchy of foldings is under several general
constraints. First, the DNA must be available to regulatory factors and
transcriptional machinery in such a way that readout of the genome can
be precisely controlled. Second, the resident copies of DNA must be
faithfully duplicated and repackaged with histones and other proteins;
in dividing cells, the daughter helices must also be topologically
resolved. Finally, nuclear division depends on a number of tightly
orchestrated events: condensation of chromatin into compact chromosomes,
dissolution of the nuclear envelope, movement of chromosomes to a
central plate with subsequent splitting of daughter chromatids toward
opposite poles, decondensation of daughter chromosomes, and reassembly
of the nuclear envelope around them.

Despite the interest in elucidating the means by which cells
accommodate these constraints and package their genomes, only a meager
sketch of higher order structures can currently be claimed. Beyond the
level of the 10 nm nucleosomal fiber, little consensus has been reached.
This is particularly true of the highest level of chromosome
organization, the 3-D arrangement of chromosomes in the interphase
nucleus. For reviews, see refs. 13 and 21.

The giant polytene nuclei of the Drosophila salivary gland provide
a convenient model system for analyzing the folding patterns of
interphase chromosomes by direct optical methods. These cells can be

considered to be in interphase by several criteria (Pearson, 1974). The
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basic question addressed in the present work is how a set of
chromosomes, which are over 800 um in total length and average 3-4 um in
width, is packaged within a nucleus that is some 30 um in diameter. By
studying this system with a combination of fluorescence optical
sectioning microscopy, 3-D modeling and quantitative analysis, we have
been able to discover quite a number of consistent organizational motifs
that characterize salivary gland nuclei in vivo.

This report represents a continuation of work begun several years
ago (Agard and Sedat, 1983), and a preliminary account of a portion of
the current data was described previously (Mathog et al., 1984). In the
latter report, we drew several conclusions about the folding patterns of
polytene chromosomes based on six nuclei from a single salivary gland.
Four more nuclei in this gland were modeled and were discussed in a
report on the spatial distribution of transcriptionally active sites
(Gruenbaum et al., 1984). Here we discuss the results from a total of
24 reconstructed nuclei from 5 glands: 10 from the original gland
analyzed, 7 from another gland of the same inbred stock which had been
embedded in epoxy resin, and 7 from larvae of a different wild-type
stock. The expansion of the data base as well as several additional
methods of model analysis allow a number of new conclusions about
nuclear spatial organization to be made. Most of the present results
are in general agreement with our preliminary reports, but several of
the earlier interpretations had to be changed. A hierarchy of
organization that includes features strictly conserved among the nuclei

to aspects that are widely divergent is described.

MATERIALS AND METHODS
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Salivary gland samples

The method of sample preparation for optical sectioning was
essentially the same as described by Mathog et al.(1984). The buffers
used in this study were buffer A (Burgoyne et al., 1971) and the
physiological buffer of Shield and Sang (1970). Buffer A was made with
either 15mM PIPES or 15mM HEPES, 0.15mM spermine, 0.5mM spermidine, 60mM
KC1l, 15mM NaCl, pH 7.4. The OR-isoX stock (obtained from S. Beckendorf)
is a wild type stock that has been made isogenic for the X chromosome.
The other stock used is a highly inbred Oregon R stock.

The gland which had been embedded and sectioned was initially part
of a uridine pulse-labeling experiment (Gruenbaum et al., 1984). Glands
were dissected into Shield and Sang medium and, after the pulse-chase
regimen, transfered to buffer A containing 3.7% formaldehyde (freshly
prepared from paraformaldehyde (Kodak)). After fixing for 15 minutes,
the glands were washed, stained with 3 ug/ml DAPI
(4',6-diamidino-2-phenylindole) and refixed for 60 minutes. After
washing, the glands were stepped into DMSO, and finally embedded in
Spurr epoxy resin (Polysciences). Polymerization was performed overnight
at 65°C. Blocks were serially sectioned with a glass knife, and the 0.5
um thick sections were collected on coverslips. After mapping the
location of well preserved nuclei, the sections were photographed on the
Axiomat microscope using epifluorescence optics, the images being stored
on a computer disk. Sections were aligned computationally (Agard and
Sedat, 1983).

For optical sectioning into the partially sectioned Spurr block, a
special plexiglas holder was made to hold the block on the stage of the

Axiomat. A drop of oil was placed directly on the clean face of the
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block for use with a 100X/1.3NA oil lens. 24 serial optical sections
were taken for each nucleus using a step size of 1.3 um, exactly as was
done with glands observed in aqueous buffer.

To observe the salivary glands within the living animal, third
instar larvae were washed in buffer and placed on clean slides; an
18x18mm no.1 cover slip was taped firmly over each while making sure the
ventral aspect of the larva faced toward the cover slip. The larva
cannot crawl away, and the obstructing fat body is often pushed out from
between the salivary gland and the body wall, exposing the gland for
viewing. A 100X/1.3NA Planapo objective lens was used, and the field
diaphragm was closed down almost completely. Banded chromosomes are

readily followed under these conditions.

Microscopy and model building

The computered-controlled Zeiss Axiomat microscope for serial
optical sectioning of polytene nuclei was as described (Mathog et al.,
1984; Mathog et al., 1985). Some hardware changes have been made. The
Commodore Pet microcomputer that was used to control the focus stepping
motor has been replaced by a Z8 microcontroller (Micromint). The
focus-stepping motor itself has been replaced by a microstepping motor
(Compumotor). A lamp shutter, also controlled by the Z8, has been added
to minimize unnecessary exposure of the sample.

The model building and analysis program IMP has also been
delineated (Mathog et al.,; Mathog, 1985; Mathog et al., 1985), although
its capabilities have been expanded. None of the images from the
aqueous samples were processed computationally. We found it helpful to

apply Fourier filtering and out-of-focus removal algorithms to the
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blurrier images obtained from the optically sectioned embedded gland

(details in Gruenbaum et al., 1984).

Quantitative analysis of models

The histograms of triple product values (Fig. 3) were derived as
follows. The model arm is divided into 512 evenly spaced points.
Beginning at one end of the arm, a set of 3 consecutive vectors is
placed on the model to connect points at 7 um intervals. The triple
product of their unit vectors, T=A®(BxC), is then calculated (Mathog,
1985). "e" is the inner product, "x" the cross product. The value is
assigned to the midpoint of the model path between the‘outer ends of the
3 vectors, i.e., 10.5 um from the model's end. The set of vectors is
then shifted along the model path by one point and the calculation is
repeated. This entire procedure is continued until the leading end of
the vectors reaches the other model endpoint. The range of triple
product values so produced is then divided into 100 intervals, and the
values are histogrammed. This was done in all 24 nuclei for each
chromosome arm; each histogram in Fig. 3 thus represents the
distribution of triple product values summed over 24 chromosome arms.

A point on a chromosome model that falls within 1 um of the nuclear
surface was defined as a nuclear envelope contact. To test the
association between such contacts and loci containing intercalary
heterochromatin, each chromosome was divided into intervals of 3 letter
subdivisions (e.g.12A-C), and any interval in which the contact
frequency (Fig. 5) was at or above the p‘.05 cutoff (see Results) was

counted in the tabulation. Only weak points present in at least 20% and
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ectopic fiber sites present in at least 15 out of 550 of the squashes of
Zhimulev et al. (Zhimulev et al., 1982) were counted as intercalary
heterochromatin loci. The last four intervals (2 divisions) closest to
the chromocenter were not used. The Xx? formula is

x2=n(ad-bc)2/((a+b) (a+c) (b+d) (c+d))
where a= the number of intervals with both a high frequency contact and
intercalary heterochromatin, b= number of intervals with no contact but
intercalary heterochromatin, c= number of intervals with a contact but
no intercalary heterochromatin, d= number of intervals with no contacts
and no intercalary heterochromatin, and n= atb+c+d. The same statistic
was used to evaluate the correlation between the high frequency surface
contacts in the different.contributing data sets used in this study. In
these cases, a 0.5 um limit was used to generate the frequency plots.
The frequency cutoffs for the different sets were as follows: nuclei
with split chromocenters (see Results), 4-5 out of 5; nuclei from the
embedded gland, 5-7 out of 7; and nuclei from the original unfixed
gland, 7-10 out of 10.

The Monte Carlo procedure used to estimate the random probability
distribution for surface contact frequencies for a chromosome arm works
as follows. Distance-to-surface plots, which plot the minimum distance
between each cytological position and the nuclear surface versus
cytological position (e.g., Fig. 6 in ref. Mathog et al., 1984) provide
the set of input distance values. One distance value is randomly chosen
from each of the 24 plots for a chromosome arm. The 24 selected values
are then compared to the cutoff value of 1 um used to generate the
surface contact frequency plots, and the number of values less than or

equal to the cutoff is counted. This entire procedure is reiterated 106
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times. The final result is a tabulation of the frequencies with which
0,1,...24 out of 24 randomly selected values fell within the cutoff
distance.

Chromosome intradistance plots (Fig. 7) were generated as described
previously (Mathog, 1984). To generate a set of control intradistance
plots with intradistance values randomly displaced with respect to
position on the chromosome, the values in each of the original plots
were shifted by a random amount in a direction along the diagonal (see
Fig. 7); the magnitude of the shift is different for each plot. The
shift causes a portion of the distance values to roll off the right side
of the plot; this is then patched back onto the bottom. The entire
transformation can be visualized as follows (see diagram). An isosceles
right triangle placed on its side (=intradistance plot), originally
superimposed over a second (Agard and Sedat, 1983), is displaced by some
amount along the diagonal (Appels et al, 1979). The region of overhang
where the top triangle no longer overlaps the other (indicated by
cross-hatching) is cut off and pasted to the exposed portion of the
bottom triangle. This involves a 90° counterclockwise rotation in the
plane of the paper and a reflection across the x-axis. This method
introduces a discontinuity at the border of the patch but retains all
the distance information from the original plot; moreover, the displaced
intradistance values remain at their original distances from the
diagonal despite being in new places with respect to cytological
position (this is illustrated by the shaded section in the diagram).

The mean and standard deviation of the randomly superimposed distance

values at each point are then calculated as before.
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RESULTS

The approach we have taken to describe the spatial arrangement of
chromosomes is direct and in principle quite simple. The specimen is
stained with a DNA-specific fluorescent dye and prepared for microscopy.
Fluorescence images from serial sections of nuclei are collected, and
from such image stacks, the paths of the five major chromosome arms are
traced using an interactive modeling program (IMP; Mathog et al., 1984;
Mathog, 1985; Mathog et al., 1985). Subsequently, quantitative
properties of the resulting stick figure models are measured and
displayed. The models and quantitation plots are used to derive a
detailed structural description of chromosome folding. Details of
methodology are published elsewhere (Mathog et al., 1984; Mathog, 1985;
Mathog et al., 1985), and any modifications are noted under Materials

and Methods.

Orderly large scale organization of chromosomes

Several general organizational features discovered by Mathog et al.
(Mathog et al., 1984) by inspecting stereo-pair models of nuclei have
been further documented in the present study. First, the chromosome
arms are always maintained in separate spatial domains within the
nucleus, with no arm looping around another even though the chromosomes
are highly contorted and closely packed (Figs. 1,8). Second, the
centromeric regions of salivary gland chromosomes, which are usually
aggregated together to form an amorphous mass called the chromocenter,
are always positioned against the nuclear envelope. Such an invariant
association between centric heterochromatin and the nuclear envelope

recalls a similar situation documented in Drosophila early embryos
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(Ellison and Howard, 1981; JWS, unpublished). In early embryos the
chromocenter is always at the edge of the nucleus closest to the
topological exterior of the embryo. In contrast, the chromocenter in
salivary gland nuclei is found in a wide range of positions relative to
the gland lumen; our earlier inference of a very limited range (Mathog
et al., 1984) is therefore not generally true. Finally, a related motif
of chromosome organization that is observed is the Rabl orientation
(Rabl, 1885; Foe and Alberts, 1985; Fig. 1). This is the grouping of
centromeres near one pole of the nucleus with the telomeres arrayed in
the opposite hemisphere. 80% of the chromosome arms have configurations
that fulfill this criterion.

Preferred relative arrangements of chromosome arms

Considerable effort has been directed toward determining whether
there are any favored relative arrangements of chromosomes within the
nucleus (4). Perhaps the best evidence for nonrandom chromosome
positions has been reported by Bennett (1983), who looked at centromere
positions in thin-sectioned mitotic plant cells. Coates and Smith
(1984), however, employing the same method of analysis as Bennett, came
to the opposite conclusion for hybrid grasshopper cells. We find that
the relative arrangement of the major chromosome arms in salivary gland
nuclei is not entirely arbitrary. Because the bulk of each arm is
generally situated between only two neighboring arms and the arms lie in
noninterwoven domains (analogous to the sections of a grapefruit), it is
usually straightforward to determine their relative arrangement. Fig. 2
shows the the different arrangements in schematic fashion; in one of the
nuclei the relationships cannot be uniquely assigned and are therefore

not included. As can be seen, 2L and 2R are almost always next to each
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other; the same is true for 3L and 3R (21/23 in both cases). Besides
these, the strongest preference for particular arrangements of arms is
seen if one groups the nuclei according to whether the right arms of the
autosomes and/or the left arms are next to each other ("cis") or are in
the complementary arrangement ("trans"). The cis constellation is seen
more than twice as often as the trans. It remains possible, however,
that this is a sampling effect; even if a 1:1 ratio of these two types
actually exists, such a bias in a sample of this size is not significant
(x2=1.45, P’.20). Other small biases in the relative frequencies of
nearest neighbor pairs pointed out previously (Mathog, 1984) may also
have been due to sampling. The X chromosome, for example, while almost
always between the two autosomes, is not preferentially positioned next
to any particular arm. In only one nucleus were the arms from autosomes
2 and 3 interdigitated (but not entangled).

Relative positions of chromosome arms can be assessed in several
additional ways. One is to calculate the center of mass of each arm and
measure the distances between them. Another is to look at the
interdistance maps for each pair of arms in each nucleus and find which
pairs have the highest number of close sites. Both methods yield the
same qualitative conclusions just described (data not shown). Thus, it
appears that the arms of each autosome remain close together in the

nucleus, whereas other relative arm positions vary considerably.

Chromosome coils are right-handed

It is evident from the models (Figs. 1,8) that a dominant folding
motif of the salivary gland chromosome is the coil. What is more

striking, however, is that these coils almost always appear to be
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right-handed (see also Fig. 3 in Gruenbaum et al., 1984; Mathog et al.,
1984). This is a surprising result as no such chirality has previously
been reported either in mitotic or polytene chromosome coiling (Beerman,
1962; Manton, 1950). To demonstrate the asymmetry by an independent and
more quantitative method, we have employed the triple product, a
standard vector operation, which has been used previously to analyze
helices in proteins (Braun, 1983). The triple product, A®(BxC), where
A,B,C are successive vectors along a path, yields a scalar value whose
sign depends on whether the vectors' relative orientations in space
follow a left or right handed screw. A positive value indicates a
right-handed screw, a negative value a left-handed one. Here we use a
set of three unit vectors connecting points located at 7 um intervals
along the model arm. The set of vectors is slid along the model path
and their triple product is calculated at each of 512 equally spaced
points (Mathog, 1985; Materials and Methods). fig. 3 displays histograms
of the triple product values for the five major arms gathered from all
24 nuclei; zero is at the center. The distributions are all strongly
skewed to the right, with the ratio of positive to negative values
ranging from 2.0-2.7. This demonstrates that the direction of coiling
along each chromosome is indeed predominantly right-handed.

Two comments need to be made about these plots. First, the
selection of a particular vector size acts as a filter for curves in
that size range. Vectors spaced at 7 um intervals were chosen because
the patent coils seen in the models are some 15-30 um long; this set of
3 vectors samples the pathway in the desired range (3x7um=21lpm). Use of
other sizes, however, yields qualitatively similar plots as long as they

are not extremely small or large. Second, there are certainly segments
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of some chromosomes that are not particularly coiled. These, along with
coils of little or no pitch, will contribute to a set of triple-product
values at or close to zero; also, although almost no clearly coiled
regions are left-handed, some stretches, especially around sharp bends,
do yield negative triple product values.

Preliminary evidence suggests that a chromosomal region need not be
homologously paired for it to display a right-handed chirality. We have
found an example (Fig. 4) of a 3L chromosome arm that has an asynapsed
region stretching from about 63A to 69A, over a third of the arm's
length. The coils in the thinner, unpaired homologs are smaller than in
the synapsed regions, but they are still right-handed. This is

confirmed in their respective triple product plots (not shown).

A set of loci regularly contact the envelope

Previously, we tabulated a set of loci which were almost always
positioned against the nuclear envelope in the six nuclei examined
(Mathog et al., 1984). Now, having 24 reconstructed nuclei from five
larvae of two different stocks, we can make a statistically more
meaningful statement about which loci are frequent surface contacting
sites. The individual data sets were first examined separately. We
observed a certain amount of variation between them which may be stock
or larva specific; for example, the 5F/6A site is on the surface in 10
out of 10 nuclei in the original gland but is rarely there in all the
other nuclei examined. However, the majority of high frequency surface
contact loci are the same among the different sets of nuclei (see
below). While the variations may have significance, we do not yet have

enough data to evaluate them properly. Consequently, we have pooled the



63

surface contact frequencies for all 24 nuclei, thereby concentrating on
the contacts preserved in all data sets.

Pooled envelope contact frequencies for the 5 major arms are shown
in Fig. 5. Each arm is divided into 512 evenly spaced points; when a
point falls within 1 um of the nuclear surface, the point is counted as
a contact site. As described previously (Mathog et al., 1984),
cytological bands on the chromosomes are identified and used as fiducial
marks when comparing the same chromosome in different nuclei. The
frequency with which a locus apposes the nuclear envelope in this set of
nuclei varies markedly along the length of each chromosome arm. Some
regions are on the surface in almost every nucleus examined, others in a
majority of cases. However, to judge the significance of the frequency
peaks (and valleys) it is necessary to determine how often one would
observe such frequencies if surface contacting regions were located
randomly on each chromosome arm. Rather than assume a particular type
of random frequency distribution, a Monte Carlo procedure was used to
generate one from the input data so that the random distribution would
match the real data in the percentage of the arm in each nucleus that
was in contact with the surface. The procedure is described in
Materials and Methods.

All frequency peaks whose probability of occurring randomly is less
than 0.05 (probability of occurring this many or more times) are marked
with arrows in the plots. This cutoff is somewhat arbitrary. It was
chosen so that only peaks with a relatively low probability of
representing random juxtaposition would be considered, but it is not low
enough to eliminate this possibility. By this criterion, at least 15

loci along the chromosomes are on the nuclear envelope with frequencies
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that are unlikely if contacts were only made randomly (see figure
legend). However, additional information is needed to verify whether
the indicated peaks are specific for particular chromosomal loci.

We searched the literature for evidence of any structural
peculiarities common to these loci (Mathog, 1984). A comparison of our
persistent envelope contacts to the positions of intercalary
heterochromatin mapped by Zhimulev et al. (Zhimulev et al., 1982)
reveals a very strong correlation between the two. intercalary
heterochromatin is a term for sites along the chromosomes with
properties typical of centric heterochromatin from either polytene or
diploid cells. These include frequent ectopic fibers, constrictions in
polytene squash preparations, late replication, frequent breakage from
irradiation, and certain chemical (Barr and Ellison, 1972) and genetic
properties (Spofford, 1976).

In Fig. 5, 14 of the 15 regions marked with arrows are centered on
loci which show frequent ectopic pairing and/or weak point behavior, two
of the most stringent criteria for the presence of intercalary
heterochromatin. The degree of association was evaluated from a 2x2
contingency table with a chi-square statistic and was found to be highly
significant (x2=23.7, P¢¢.001; see Materials and Methods). An
examination of intercalary heterochromatin sites in section images
suggests this correlation may indeed be relevant (Fig. 6). These
sections show intercalary heterochromatin bands that appear to be pulled
out toward the nuclear surface, suggesting a physical connection. A
section with chromocenter material pressed against the surface is also
shown. To summarize, three sets of observations argue that specific

loci are involved in frequent chromosome-envelope interactions: 1) a set
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of loci are on the surface with high frequency 2) almost all of these
loci coincide with intercalary heterochromatin positions; and 3) these
sites often appear in physical sections to be attached to the surface.
It should be noted that although some of the lowest dips in Fig. 5 are
as statistically unlikely as some of the peaks, there is no correlation
with intercalary heterochromatin (x2=1.68, P’.10), again using a P¢.05
cutoff; we have not yet found any other structural correlates to these

sites, so their biological significance remains unknown.

Chromosomes assume a wide variety of configurations

Several studies have shown a restricted spatial distribution of
certain DNA sequences in the nucleus (Hammon and Laird, 1985; Lifschytz
and Haravan, 1982). Some authors have suggested that the configurations
of chromosomes within the interphase nucleus are under specific genetic
control (Steffenson, 1977; Sved, 1976). In a direct approach to these
problems, we have been analyzing chromosome folding patterns with the
aid of "intradistance" plots (Rossman and Liljas, 1974; Mathog et al.,
1984). For such plots, the absolute distances between all pairs of
points on a chromosome model are measured (the model path is traced
through the approximate center of the 3-4 um thick arm) and then plotted
on a two-dimensional map in which each axis represents cytological
position along the arm. The pattern of intensity values is therefore a
mapped representation of the 3-D folding of the chromosome.

Fig. 7a shows a sample intradistance plot of chromosome arm 2L from
one nucleus. The contoured set of distances are displayed as intensity
values, the darkest regions representing pairs of chromosome points that

are closest together in space. Contour steps are 2 um, and
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intradistance values larger than 10 um are not displayed. This
representation of the arm's configuration reveals a variety of
appositions between loci. When such maps are compared for the same
chromosome in different nuclei, common contacts and configurations
should be apparent if they are present.

One way to compare all the nuclei with a data set of this size is
to generate a mean intradistance plot. Such a plot is shown in Fig. 7b
for chromosome 2L that is derived from the 24 individual 2L
intradistance plots. Loci that are consistently paired in the different
nuclei would appear as dark areas off the diagonal. In none of the mean
plots for the 5 major arms are such areas present. When the standard
deviations of the intradietance values between each pair of loci are
plotted in a 2-D map (Fig. 7c), they show a general increase with
distance from the diagonal. In fact, they increase roughly linearly
with the corresponding mean intradistance values, although several areas
in Fig. 7c show small standard deviations in places where the mean
values are relatively high.

These plots therefore appear to provide little evidence of closely
circumscribed 3-D chromosome configurations. This view is strengthened
by the following control experiment. As described in Materials and
Methods, intradistance values were randomly displaced relative to
cytological position by a different amount in each of the 24 plots, and
these randomly shifted plots were then compared. The shifts scramble
the distance information, and the resulting mean and standard deviation
plots reflect only the random overlap of the original plots' features.
The resulting mean plot for the randomly shifted data is shown in Fig.

7d. The similarity to Fig. 7b is striking: regular contacts are limited
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to regions close to the diagonal and mean intradistances increase at a
similar rate with distance from the diagonal. Likewise, the standard
deviation plot for the randomized data is also qualitatively very
similar to Fig. 7c, with standard deviation values increasing no more
rapidly with distance from the diagonal and with several regions of low
standard deviation off the diagonal (plot not shown). The simplest
explanation for these results is that the observed interactions
primarily reflect the confinement of the chromosome to a very restricted
volume with no requirement for specific pairwise interactions between
loci (see below).

It could be argued that several different well defined sets of
interactions are present in the different nuclei, but by considering
them all together this information is obscured. The issue has been
tested in two ways. First, we studied printouts of the 24 individual 2L
plots and attempted to sort them into groups according to shared folding
features using their off-diagonal patterns of intensity (e.g., Fig. 7a).
No two plots exhibit a similar set of off-diagonal contacts, so no two
2L chromosome arms can have very similar longer range interactions
(i.e., interactions between loci separated by more than 1-2 cytological
divisions). Second, the 24 plots were transformed into a set of 24 "rank
order" plots (Mathog et al., 1984). The values that are ranked in
ascending order are the 24 intradistance values recorded at each pixel.
Thus, the original plots are reorganized into a set in which each pixel
in the rank=1 plot contains the lowest intensity value (closest contact)
recorded at that pixel in the original set of plots, each pixel in the
rank=24 plot the highest. For instance, if a pixel in the rank=12 plot

has an intensity corresponding to a 5 ym separation, then the pair of
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loci denoted by that pixel are within 5 um of each other in at least 12
of the 24 nuclei.

The off-diagonal features rapidly disappear as one goes up in rank
(data not shown). By rank=6, 36D-38C are the only loci separated by
more than about one cytological division (~7-8 um) that are within 4 um
of each other. That is, no pair of widely spaced loci besides this one
is closely apposed in even one fourth of the nuclei. No model sites
separated by more than one cytological division come within even 5 um of
one another in 12 or more nuclei. So although there may be some
similarities in the local bending of the arm in some of the nuclei,
there is little support for a unique or small number of similar
longer-range configurations. These results argue that the variation
seen in the pooled data cannot be explained simply by positing the
existence of a small number (say, 2-3) of classes of nuclei with
different but uniform chromosome folding patterns.

That contacts between loci are generally not specific is further
supported by performing the same ranking operation on the 24 randomly
shifted intradistance plots described above. When the real and the
randomized data are compared, it is found that the off-diagonal features
disappear just as quickly in both as one goes up in rank (data not
shown). The ranked features are also similar in shape and distribution,
suggesting that in both cases they arise from the chance overlap of
intensities. It therefore appears that no longer-range chromosome
interactions are the same in more than a small number (at most 25%) of
the nuclei examined; moreover, in the absence of additional information,
the shared contacts in such small subsets of the data cannot presently

be distinguished from random juxtapositions.
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Chromosomes packaged similarly in nuclei with split chromocenters

From the reconstructions of several salivary gland nuclei from
another wild type stock of Oregon R flies (here referred to as OR-isoX),
it was discovered that the centromeric regions were occasionally split
into two well separated chromocenters. Hence, they cannot be organized
in the usual Rabl orientation. Such separation of the normally fused
centromeric sequences seems to occur in a small fraction of nuclei as it
has been observed now in a number of larvae. Both Appels et al. (Appels
et al., 1979) and Hammond and Laird (Hammon and Laird, 1985) have
reported examples of salivary gland nuclei with two separate
hybridization sites to a chromocenter specific DNA probe, so the
phenomenon may not be uncemmon.

Nuclei with split chromocenters provide a natural test for the
question of whether a major change in the relative positions of portions
of the chromosome complement will affect other aspects of chromosome
packaging. For instance, are chromosomes still kept in spatially
distinct domains when the orientation of some of the arms is flipped
relative to their neighbors? Two OR-isoX nuclei with single, intact
chromocenters have been modeled and exhibit the same organizational
motifs discussed above (nuclear envelope contacts were not evaluated
since with only two nuclei, they could not be reliably analyzed).

Hence, any differences observed in the nuclei with split chromocenters
should not be due to stock variationms.

We have been able to find five nuclei with split chromocenters to
date. In 4 out of 5, the centromeric region of the second chromosome is
found 15-30 ym away from the other chromocenter; in the fifth,

chromosome 3 is split off. Fig. 8 is an example of a nucleus in which
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separate chromocenters are on almost opposite sides of the nucleus (a
neighboring nucleus shows a similar large split). Despite the
reconfiguration, all chromocenters are still apposed to the nuclear
envelope, the arms remain in domains, chromosomes coil into right-handed
gyres, the arms of each autosome are usually close together, and most of
the high frequency nuclear envelope contacts are the same. This last
conclusion follows from a comparison with the 10 nuclei from the
original gland; the correlation of high frequency contacts between the
two data sets was evaluated from a 2x2 table as above and was shown to
be statistically significant (x2=4.97, P¢.05; see Materials and
Methods). As might be expected from the results presented above, the
high frequency contacts in the nuclei with split chromocenters are also

associated with intercalary heterochromatin loci (x2=8.a4, P¢.01).

Different preparative procedures do not alter organizational rules

The gland yielding the first set of ten reconstructions and the
OR-isoX glands were all viewed in an aqueous buffer optimized for
chromosome structure preservation (buffer A) and were not fixed.
However, the organizational rules described are independent of the
preparative procedures used. A very different procedure was used for
comparison (Gruenbaum et al., 1984; Materials and Methods). Glands from
a late third-instar larva of the inbred wild-type stock were fixed,
dehydrated, and embedded in Spurr's resin. After collecting a set of
serial physical sections, optical section data were obtained from the
unsectioned remainder of the embedded gland by focussing into the block.
Two nuclei were reconstructed from aligned physical sections, five from

the optically sectioned block. The glands were estimated to be in
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puffing stage (PS) 5-6 (Ashburner, 1972); the glands in the other data
sets were in PS 7-8.

The nuclei show all of the structural features exhibited by the
other sets of nuclei (data included above). The high frequency contacts
are similar to those in the original unfixed gland of the same stock
(12=5.48, P¢.02), and correlate strongly to intercalary heterochromatin
loci (xz=9.98, P¢.01). Thus, the structural motifs we could observe in
the unfixed, minimally processed glands are maintained in embedded and
physically sectioned nuclei, even though the glands are slightly
different in developmental (i.e., puffing) stage. These results and
those of the previous section provide the justification for considering
all 24 nuclei from a total of five female larvae together in the

preceding results.

Controls’ R o

Although the aim of the present work was to determine the in vivo
folding of salivary gland chromosomes, the glands were not actually
observed in vivo, strictly speaking. It is therefore necessary to show
that the chromosomes do not rearrange appreciably as a result of our
manipulations. To this end, several control experiments were performed.
First, the same nucleus was optically sectioned at both the beginning
and the end of a data collecting session and the two data stacks were
compared by visual inspection. No differences were noted. Second,
glands were dissected into buffer A or physiological buffer and
immediately mounted for viewing with bright field optics. The banded

chromosomes are easily discerned under these conditions, and any
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movement over a time period of minutes to hours would be detected. None
was.

Our analysis is also based on the assumption that chromosome
positions are relatively stable when the glands are in their normal
milieu. To test this, salivary gland nuclei were viewed directly
through the ventral body wall of living third instar larvae that had
been immobilized between a cover slip and slide. Active movements
within the body cavity continue, but it is not difficult to track
particular banded regions in a single nucleus for several hours and
thereby examine the relative positions and orientations of chromosome
segments. No obvious repositioning of any chromosome region within the
nucleus until histolysis was detected. During this latter period, cells
become increasingly vacuolated and the chromosomes then do shift
appreciably. Hence, since the glands we have examined are not
histolysing, we are confident that our data describe the authentic in

vivo configurations of chromosomes.

DISCUSSION

We have described a number of regular motifs that characterize the
organization of salivary gland nuclei. They include: invariant
association between the chromocenter and nuclear envelope, confinement
of the arms to non-intertwined spatial domains, certain nonrandom
relative chromosome arm positions, Rabl orientation of chromosomes,
envelope contacts that are locus specific and correlate with intercalary
heterochromatin, and a large predominance of right-handed chromosome
gyres. On the other hand, chromosomes fold into a wide variety of

configurations that bear few obvious similarities between nuclei.
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Moreover, a gross relative repositioning of a portion of the genome in
nuclei with split chromocenters does not alter any of the above motifs
(except the Rabl orientation). In sum, a scheme of chromosome packaging
can be described that contains both well ordered and apparently
indeterminate features.

To interpret our results, it is useful to seek parallels with the
organization of diploid nuclei. In what follows, much of the present
data is rationalized through a consideration of the origin of the
salivary gland as a diploid rudiment in the early embryo (Sonnenblick,
1950). This interpretation implies a high degree of positional
stability of interphase chromosomes since many days have passed between
the final embryonic mitosis and the stage at which we examine the gland.
This is especially striking when one considers that in the intervening
period the nuclei have increased in volume several hundred-fold and
undergone 9-10 additional rounds of DNA replication. A stable
intranuclear chromosome topology has been inferred from a number of
different studies with diploid cells (Herreros and Gianelli, 1967;
Sperling and Luedke, 1981; Zorn et al., 1979). Moreover, the retention
of similar relative positions of chromosomes through an entire cell
cycle has also been seen (Pera and Schwarzacher, 1970). We also know
from our control experiments that at least in the last hours of third
instar, salivary gland chromosomes are likely to be immobile.

The Rabl orientation has been repeatedly documented in diploid
cells (Comings, 1980; Foe and Alberts, 1985; Fussell, 1975), where it is
regarded as a relic of mitosis. It seems unlikely that it has a
completely different cause in polytene tissues. The fact that the arms

of each autosome are almost always close together (Fig. 2) is also
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consonant with the retention of telophase chromosome positions during
polytene interphase.

Normal telophase chromosomes are dense structures that are
topologically separable from one another. It is tempting to view the
nonintertwined chromosome arm domains in third instar salivary gland
nuclei as a vestige of this mitotic condition. In other words, as the
cell progresses into interphase, the unraveling of each chromosome takes
place entirely within the boundaries presented by neighboring
chromosomes and the nuclear envelope. Indeed, the orderly condensation
and division of chromosomes in mitotic cells supply a possible rationale
for maintaining stable, noninterwoven domains during interphase.
Drosophila chromosomes must nevertheless find and synapse with their
homologs since it is known from neuronal cells and cell culture lines
that during metaphase and anaphase, homologs are not tightly paired
(7,19); this requires local chromosome movement and fusion of homolog
domains. A striking example of the strength of these pairing
interactions comes from flies heterozygous for a whole X chromosome
inversion; after completing mitosis with the centromeres of the two
homologs aligned, a complete reorientation of one homolog relative to
the other occurs, allowing the two to synapse (Becker, 1969).

The surface contact data (Fig. 5) reveal a number of preferred
associations between the chromosomes and nuclear envelope. There are,
however, additional peaks in the plots that fall below our statistical
cutoff which may also be specifically positioned at or interacting with
the nuclear surface. For example, a smaller peak is observed at 25EF on
2L that coincides exactly with an intercalary heterochromatin site.

However, we can only discuss with confidence loci that have a very
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strong propensity for making nuclear envelope contacts. Possibly, an
intercalary heterochromatin locus's position within a chromosome may
modulate its ability to reach the surface; small translocations which
move a surface contacting locus to new positions should help answer this
question. Finally, groups of individual distance-to-surface plots from
different nuclei sometimes look quite similar over considerable
stretches (see Fig. 6 in Mathog et al., 1984), and we are currently
examining whether this can be interpreted in terms of discrete,
alternate chromosome attachment patterns.

A plausible way to view these results is that as a cell emerges
from mitosis, a large number of chance contacts with the nascent
envelope occur, with a subset of loci making more stable associations.
As the nucleus progresses into interphase, these associations tend to
persist. It is also possible that the high frequency contact loci
represent preferred nucleation sites for envelope reformation. The
correlation of the contacts with intercalary heterochromatin suggests
that the heterochromatic nature of these loci allows them to bind more
tenaciously than other loci to envelope structures and may account for
the selectivity. Such a contention is supported by the data in Fig. 6
as well the micrographs of Quick (1980) and Gay (1956), showing the
adhesion of ectopic fibers or dense heterochromatic material to the
nuclear envelope. The idea that nuclear envelope attachments are
established relatively early in salivary gland development is lent
credence by the fact that heterochromatic material is known to bind to
the nuclear envelope in diploid nuclei (Comings, 1980). This may also
explain, at least partly, the long term positional stability of

interphase chromosomes discussed above.
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The strong predominance of right-handed chromosome gyres over
left-handed ones is a novel finding that is at odds with previous
studies in which the direction of polytene chromosome windings was
investigated (Beerman, 1962; Koller, 1935). This discrepancy is
probably traceable to the complexity of folding, which makes it
extremely difficult to follow the chromosome paths without the aid of
reliable 3-D modeling and cytological mapping. Furthermore, the coiling
is neither absolutely right-handed nor obviously localized to particular
stretches of the chromosome.

The source of the coiling asymmetry is unknown. The extensive
literature on the regular spirals seen in mitotic and meiotic
chromosomes gives no indication of such a chirality (Manton, 1950;
Ohnuki, 1968), so it seems unlikely that our finding can be explained as
a vestige of mitotic coiling. It could arise from some chiral aspect of
the association between the chromonemata making up the polytene
chromosome, which, conceivably, may originate in the right-handed DNA
duplex itself. A more speculative possibility is that some of the
positive helical torsion engendered by unwinding DNA, e.g., during
replication, can be partitioned into higher levels of chromosome folding
where it is resistant to full relaxation.

The present results do not reveal any precise long range
configurations of chromosomes. More exactly, the data show that no pair
loci more than one or two cytological divisions apart is positioned
close together in a large fraction of the nuclei examined. This result
differs significantly from our preliminary account (Mathog, 1984), where
we had suggested the existence of specific chromosomal loops extending

over as many as five cytological divisions. It now seems likely that
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such long range contacts coincide in only a small percentage of nuclei.
The apparent conclusion is that the precise geometry of a salivary gland
chromosome is not determined, and specific pairwise interactions between
widely spaced genetic loci are not obligatory. More complicated
combinatorial schemes, with different but specific interactions between
multiple loci, have not been addressed in this study; ectopic fibers,
for example, may connect sites in this way.

There remain a number of alternative explanations that are
consistent with both our data and the possibility of determinate
structural interactions between genetic loci. For instance, specific
interactions may exist in distinct subpopulations of the gland's cells
and/or in particular cell-positions in the gland. There is some
evidence for heterogeneity in cell type within the salivary gland
(Probeck and Rensing, 1974). Consequently, the wide variation seen
between nuclei may not be due to random folding but to cell
type-specific differences. We have not found any obviously related
subsets among the intradistance plots (see Results), but a multivariate
statistical analysis is being initiated to examine this point further.
Another arguable possibility is that a particular chromosome
configuration is only important during the diploid or early polytene
stages of the gland's development, and when we look at it, it may no
longer be constrained, even though the grosser organizational motifs are
retained.

These alternative explanations imply a degree of folding complexity
that will make the further study of chromosome geometry correspondingly
more laborious. It will be recognized, for example, that if chromosome

configurations, although specific, vary from one set of cells to the
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next, then a direct investigation of their functional significance and
the mechanisms by which they are established may be very difficult.
Likewise, if specific chromosomal interactions occur early in gland
development but are transient, it may be necessary to determine the 3-D
structure of many nuclei from many time points in the gland's early
development, including diploid stages; this is a formidable task.
Examination of these possibilities will require the development of new
methods that allow the rapid assessment of chromosome structures in ma