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ABSTRACT 
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Eukaiyodc chromatin is functionally active only in the interphase nucleus. 

Indirectly we know that global chromatin changes occur, such that gene expression and 

replication proceed. I undertook to direcdy observe the structural changes of inteiphase 

chromatin, at a time in Drosophila embryogenesis when many nuclear processes were just 

beginning to be established. 

I reasoned that cycle 14 was the ideal time in which to observe chromatin changes 

as a result of functional processes. During this embryonic stage cellular processes shifts 

from maternal to zygodc control. Chromosomes also undergo significant changes. To infer 

the nadve structure of chromatin, I developed an ultra-sensitive two colour in situ 

hybridization (FISH) technique and established its limits of resolution. Combining ultra

sensitive FISH, with high resolution three-dimensional imaging techniques, I can visualize 

direcdy the compaction, position and orientation of genes within the interphase nucleus. 

I first characterized to a greater extent the chromatin changes in the Notch gene 

during the mid-blastula transition. I observe that the Notch gene decondense as the embryo 

ages in cycle 14.1 further localized both individually and simultaneously, a variety of genes 

on the three large chromosomes of Drosophila. I observe that during a single interphase, 

portions of chromosomes move in a cell cycle specific and directed fashion; both 

independendy and over long distances. From these results I conclude that global chromatin 

changes occur during interphase. I suggest that chromatin is organized beyond the Rabl 

orientation such that the position of the gene on the chromosome allows loci to move 

independendy within the active inteiphase nucleus. 

I propose a model for chromatin organization within the Drosophila interphase 

nucleus. Within the Rabl order, higher-order chromatin is organized into loop domains, 

ranging in size from 5-100s of kb. I postulate that loop domains that are centromere 
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proximal are small in size, S-50 kb, while those centromere distal are larger, often greater 

than 100 kbs, consistent with the observation that the centromere proximal histone gene 

cluster is arranged in a 5 kb loop (Miikovitch et al., 1984), while the Notch gene which is 

near the telomere, is part of a larger loop (Gunawardena et al., 1999a). The loops are 

attached to each other by a chromosomal backbone structure. My observations demonstrate 

that interphase nuclear function is superimposed and permitted on this loop-backbone 

chromatin organization, such that gene movement occurs (Gunawardena et al., 1999b). 
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Under the policy adopted by The University of Arizona Graduate Council in 

January 1992,1 am including published papers and manuscripts in preparation as part of 

my dissertation. The body of the dissertation contains an introduction, on the dynamics of 

interphase chromatin changes (Chapter 1), and a summary of my results and conclusions 

(Chapter 2). The methods, observations and conclusions of this study are represented in 

the reprints and manuscripts included under appendix A. 

Appendix A is divided into four subsections each containing a reprint or 

manuscript for publication. Each subsection is described briefly below. 

A.1 includes a methods paper entitled "Looking at Interphase Chromosomes", published in 

Methods of Cell Biology in 1994. The volume is entitled "Drosophila melanogaster. 

Practical Uses in Cell and Molecular Biology", and is edited by Lawrence S3. Goldstein 

and Eric A. Fyrberg. 

A^ includes a research paper published in the Journal of Cell Science in 1995 entided 

"'Chromosomal puffing' in diploid nuclei of Drosophila melanogaster". This paper 

describes our high resolution three-dimensional optical microscopy and computational 

image analysis technique. Here, we established the limits of resolution of our two colour in 

situ hybridization to chromosomal DNA in diploid chromosomes of Drosophila 

embryonic nuclei. 

A3 contains a manuscript entided "Hme resolved chromatin decondensation in 

Drosophila melanogaster^ revealed by high resolution in situ hybridization", in which we 

meticulously characterize the Notch chromatin changes during the mid-blastula transition 
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A.4 describes a study entitled "Direct evidence for interphase chromosome movement 

during the mid-blastula transition in Drosophila: A consequence of active nuclear events", 

in which we localize a variety of genes on the three large chromosomes of Drosophila, 

both individually and simultaneously and present a model for chromatin organization 

within the interphase nucleus. Both papers, A.3 and A.4 will be sent to either 

Development or Journal of Cell Science for publication. 
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The packaging of DNA into chromosomes must occur in an orderly fashion, not 

only to accommodate 16 Mbps of Drosophila melanogaster DNA into 4 chromosomes, 

but also to facilitate the functional aspects of many nuclear processes that must occur for 

the development of the organism. In this study, I will investigate and explain the 

development of the chromosome structure during early Drosophila embryogenesis. 

Most studies on chromosome structure have focused on condensed metaphase 

chromosomes that can be readily identified as discrete units. However, we are interested in 

interphase chromosomes because interphase is the time when chromosomes are least 

condensed and many nuclear processes are evolving. Therefore, we assume that interphase 

chromosomes are dynamic structures, as they change to accommodate many of these 

functions. 

Eukaryotic DNA expresses and reproduces itself only in the context of an 

interphase nucleus, that is the Gl, S and G2 phases of the cell cycle. It is therefore 

biologically most meaningful to understand chromosome organization in this stage. 

Although structure is often viewed as subservient to function, interphase chromosome 

structure itself has a role in controlling global nuclear processes. In this chapter, I will 

discuss how structural changes direct fimctional processes. 

During early development, structural changes within chromosomes establish 

nuclear processes, while later on these changes maintain and regulate functional processes. 

In this study, I investigate directly the changes within interphase chromosomes at a time in 

development when many nuclear processes are just beginning to be established. I argue 

that the changes we observe are the result of the establishment of many nuclear process 

diiring the Drosophila mid-blastula transition stage. I further reason that these changes are 
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not limited to Drosophila, but must occur during the embryonic development of all 

organisms; a consequence of not a single nuclear process, but rather the sura of a number 

of nuclear processes that together initiate a global effect (see Chapter 2). 

Below, I first describe the native organization of chromosomes within the 

interphase nucleus. I next discuss how interphase chromosomes change to facilitate 

fimctional processes. At the level of DNA, the chromosomes opens to levels that are 

comparable to naked DNA (stripped of structural proteins, but other proteins such as 

transcriptional factors are bound) in order for transcriptional factors and RNA polymerases 

to enter and read the genetic code during gene expression. This can be observed in polytene 

chromosomes as chromatin puffs, appearing at sites of gene expression. A similar 

mechanism must be present during replication, as DNA must be spooled through 

replication complexes. Thus, chromosome changes at the lower level establish both 

transcription and replication (see section "Structural changes at the DNA level- nucleosome 

modification"). 

Similarly, at the higher level of organization within the chromosome, structural 

changes establish other nuclear processes. For example, in humans, dosage compensation, 

the process by which the expression of X-linked genes is equalized in males and females, 

is achieved by the inactivation of one X chromosome, observed as a Barr body. While in 

Drosophila, special proteins such as MSL and MLE bind to chromatin, regulate changes in 

the chromosome structure that bring about dosage compensation by hypertranscription in 

males. These proteins are also involved in the maintenance of this state during the entire life 

of the organism. Similarly, the binding of Polycomb group (PcG) proteins form chromatin 

complexes that prevent the accessibility of transcription proteins to the DNA, establishing 

gene silencing. Later, these same proteins are involved in the maintenance of this silenced 

state during development In the section "Structural changes at the chromosome level-

differential interphase condensation and epigenetic effects", I discuss how condensation 
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due to the binding of non-structural proteins establish dosage compensation and gene 

silencing, while trans-sensing effects in chromosomes achieve gene imprinting, position 

effect variegation and transvection that are heritable. From these examples, it is apparent 

that global structural changes occur both at the lower and higher levels of chromosome 

organization. Understanding the structural changes within the dynamic interphase nucleus 

is essential in characterizing more direcdy the relationship between chromosome structure 

and function. Lastly, I discuss how global changes account for the movement of 

chromosomes within the active/dynamic interphase nucleus. 

Organizatioii of chromatin within the nucleus 

Studies on the structure and organization of chromosomes have given us a glimpse 

of the arrangement of DNA in the nucleus. DNA is not packed in a random heap within 

the nucleus, but rather is organized into a hierarchy of structures. The basic repeating unit 

of chromatin is the nucleosome, which consists of 146 bp of DNA wrapped around a 

histone octamer. The histone octamer contains two each of histones H2A, H2B (dimer), 

H3 and H4 (tetramer). At the lower level of organization, DNA is wrapped around a 

nucleosome core particle and arranged into a lOnm fiber, known as the beads-on-a-string 

fiber (DNA packaging 6-fold). In the second level, the lOnm fiber becomes further 

condensed, with the aid of histone HI, into the 30nm solenoidal structure (DNA packaging 

40-fold) (reviewed in Wolffe, 1998) or more recently the zig-zag structure (Horowitz et al., 

1994; Woodcock et al., 1993; Woodcock et al., 1995). 

Histone HI is associated with the outer surface of the nucleosome and aids in 

further condensation of chromatin. It has a tripartite slructure consisting of a central 

globular core and lysine rich N and C terminal domains. These domains interact with linker 

DNA to stabilize the compaction of chromatin. It has been demonstrated that both HI and 

the N-terminal domain of H3 are necessary for proper chromatin folding (Garcia Ramirez 
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et aL, 1992; Holth et aL, 1998; Tse and Hensen., 1997; Van Holde and Zlatanova., 1996). 

Due to its role in chromatin compaction, histone HI is considered a general repressor of 

transcription and replication. 

The tail domains of the core histones are involved in transcriptional regulation, 

replication and chromatin condensation. The tails can undergo a context-dependent 

rearrangement in chromatin (Hansen., 1997). The N-terminal domains of the core histones 

can be post-transcriptionally modified by acetylation, methylation, phosphorylation and 

ADP-ribosylation, and the C-terminal domains of histones H2A and H2B can be 

ubiquitinated (Davie., 1995). Acetylated core histones are associated with transcriptionally 

active genes (reviewed in Davie, 1998), while underacetylated histones stabilizes the 

inactive state (Keohane et aL, 1998). The acetylation of the N-terminal tails may disrupt 

interactions with non-histone chromosomal proteins to produce the active state 

(Edmondson et al., 1996; Nightingale et al., 1998; Palaparti et aL, 1997; ParichursL, 1998; 

Trieschmann et al., 1998). Further, histone acetylation maintains the altered structure of the 

unfolded transcribing nucleosome (Czamota et al., 1997; Walia et al., 1998), and also has a 

role in the disruption of higher order chromatin packaging (Garcia-Ramiiez et aL, 1995; 

Krajewsld and Becker., 1998; Ridsdale et al., 1990; Tse et al., 1998). 

The folding of motifs beyond the solenoidal/zig-zag compaction is poorly 

understood, to a large degree because of the lack of suitable methods for visualization, but 

many models have been speculated using a variety of techniques and in different 

experimental systems. The most popular model suggests that the 30nm fiber is folded into 

loops or domains believed to be anchored by proteins located at the base of the loop to a 

supporting nuclear structure called the nuclear matrix (De Belle et al., 1998; Samuel et aL, 

1998, reviewed in Davie, 1995), and/or to a putative chromosomal backbone (Liu and 

Sachs., 1997; Ostashevsky., 1998; Sachs et aL, 1995; Yokata et al., 1995). The loops are 

hypothesized to range in size from 5 to 200 kb with an average size of 86 kb (Jackson et 
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aL, 1990; Mirkovitch et aL, 1986; Miricovitch et al., 1984) and may contain one or several 

genes. Chromatin loops containing expressed genes have a decondensed configuration that 

is sensitive to DNAse I digestion, while loops with repressed genes have a condensed 

structure (reviewed in Davie, 1995). Specific DNA sequences (AT- rich sequences) called 

matrix attachment regions or MARs mediate chromatin anchorage to the nuclear matrix or 

the putative backbone. Topoisomerase n and histone HI are believed to bind preferentially 

to these AT-rich DNA sequences (Adachi et al., 1989; Izaurralde et aL, 1989). The 

boundaries of the DNAse I sensitive loop domain coincide with the position of MARs 

(Davie, 1995). These MARs delineate the loop domain in different cell types regardless of 

the transcriptional activity of the genes within the domain. A comparison of the DNA 

sequences of MARs show that they do not share extensive sequence homology, however, 

MAR-DNA sequences have a high bending potential and may act as topological sinks 

(Benham et aL, 1997; Bode et al., 1992; Bode et aL, 1995; Bode et aL, 1996; Boulikas., 

1995). 

Structural changes at the DNA level - nucleosome modifications 

Understanding the organization of chromatin at the DNA level is essential in 

understanding the ways in which nucieosomes are modified to regulate fimctional process 

such as transcription and DNA replication. As briefly mentioned above, gene expression 

and replication is established by post-transcriptional modifications of histone HI and the 

core histone proteins, which open the chromosomes to levels comparable to naked DNA. 

Later these processes are maintained and regulated by similar structural changes. 

Regulation oftranscr^tion 

The primary requirement for transcription is the association of the basal 

transcriptional machinery with the promoter sequence on the DNA. This machinery directs 
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the lecniitment of RNA polymerase. But how is transcription established and regulated 

within the nucleus? Promoter sequences reconstructed in nucleosomes do not function in 

vitro, suggesting that to initiate transcription, nucleosomes are dislodged from, or are 

prevented from binding to, the promoter sequence (Felsenfeld., 1992). Once started, RNA 

polymerases are able to elongate RNA chains on nucleosomal templates. Further, 

transcription factors preferentially load onto enhancers or locus control regions (LCRs), the 

recognition sites for sequence-specific transcription factors located many thousands of base 

pairs away from the promoter (Felsenfeld., 1992). LCRs/enhancers are DNA elements that 

confer position-independent and copy number-dependent expression of linked genes in 

transgenic mice (Felsenfeld., 1992; Reitman et al., 1990). 

LCRs play an important role in the establishment of transcriptionally active 

chromatin domains. Nucleosomes facilitate the juxtapositioning of LCR/enhancer and 

promoter elements (reviewed in Davie, 1995). Since nucleosomes are involved in 

changing the path of DNA, strategic positioning of a nucleosome between two distinct 

DNA sequence elements (a LCR and a promoter sequence) can swing two DNA sequence 

elements and their associated factors next to each other (Elgin., 1988; Lu et aL, 1994; 

Schild et aL, 1993; Van Holde., 1993). Once two elements are brought together, 

transcription factors bound to LXTR/enhancers aid in the loading of transcription factor 

binding sequences, blocking nucleosomes from forming on promoter sequences. 

Similarly, since LCRs are rich in factor binding sites, they block histone octamer binding 

during replication. 

Within the nucleus, individual chromosomal loops or domains are potentially 

insulated from each other by the action of regulatory elements (Chung et aL, 1993; Geyer., 

1997) and are further defined structurally by the targeted modification of their structural 

proteins (Hebbes et aL, 1994). Insulator elements (such as special chromatin structures 

(scs) and some MARs) represent important DNA regulatory elements that define the 
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boundaries of chromosomal domains. They prevent the state of transcriptional activity in 

one loop from influencing that in an adjacent loop. They may also represent attachment 

sites to the nuclear matrix/backbone (Chimg et al., 1993; Geyer., 1997; Hebbes et al., 1994; 

Namciu et al., 1998). The interaction of transcriptional factors bound to the promoter and 

enhancei/LCR is a crucial step in opening the chromatin loop for transcription. 

Studies in transgenic mice have given a glimpse of how DNAse I sensitive 

chromatin loops form. The first step appears to be the association of transcription factors 

with a nucleosome positioned on the enhancer/LCR (Jenuwein et al., 1993; McPherson et 

aL, 1993). The MAR regions that cohabit with, or are near the enhancer/LCR may associate 

with the nuclear matrix or chromosomal backbone, attaching one end of the loop. 

Components of the matrix/backbone, including histone acetyltransferease, histone 

deacetylase, protein kinese, transcription factors and glycosylated HMG proteins 14 and 

17, may all have roles in mediating the dynamic attachment of transcriptionally active 

chromatin regions to the matrix/backbone (Davie., 1997; Jackson et aL, 1997; McNeil et 

al., 1998; Stein et al., 1997). Alternatively, HMG-I may bind to the MAR, preventing 

nucleosome and/or histone HI association and establishing a locally open or accessible 

chromatin structure (Forrester et aL, 1994; Reeves., 1992; Zhao et al., 1993). Transcription 

factors bound to the enhancer/LCR and promoter would interact, displacing histone 

octamers or altering the nucleosome structure, forming DNase I hypersensitive sites and 

leading to the recruitment of the transcription machinery, the first round of transcription, 

and further interactions between the loop and the matrix/backbone. At this or at an earlier 

stage, histone acetyltransferase (HATs) and deacetylase (HDACs) are recruited to the 

potentially active chromatin loop and/or matrix/backbone at the site of loop attachment 

Together, histone ace^lation and transcription-induced torsional stress would form the 

DNase I sensitive chromatin loop (Davie, 199S). 

RNA polymerase n transcription localizes to discrete nuclear compartments, called 
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transcriptioii foci which are thought to contain several transcribed genes per focus 

(Jackson et al., 1993). ̂ th evidence suggesting that rapidly acetylated and deacetylated 

core histones are selectively bound to transcriptionally active DNA, it is reasonable to 

hypothesize that histone acetyltransferase and deacetylase should be targeted to these 

nuclear compartments to function predominantly on transcribed chromatin (Hassig and 

Schreiber., 1997; Kuo and Allis., 1998; Walia et aL, 1998). Davie and colleagues (Davie 

and Hendzel., 1994; Davie, 1995; Davie, 1998) propose that the core histones of 

transcriptionally active nucleosomes are frequently in contact with either the 

matrix/backbone-bound histone acetyltransferase or deaceQrlase, resulting in the rapid 

acetylation-deacetylation that is observed in active chromatin regions. Other 

matrix/backbone associated proteins, such as protein kineses (casein kinese H) and HMG 

protein 14 and 1/Y, are also associated with transcriptionally active chromatin (Davie, 

1995). The association of transcriptionally active chromatin with these matrix/backbone-

bound enzymes would be among the many dynamic attachments that results in the 

irrunobilization of the active chromatin regions in the matrix/backbone. Thus, chromatin 

domains are attached to the matrix/backbone and transcriptionally active chromatin relaxes 

and unwinds to accommodate transcriptional factors, polymerases and other proteins. 

Therefore, transcriptionally active chromatin undergoes global changes, in order to be 

actively transcribed. 

Regulation of DNA replication 

The initiation of DNA replication in eukaryotic chromosomes is another highly 

regulated event that occurs within the nucleus. All DNA must be replicated once per cell 

cycle. An origin must be activated only once within a given S phase. Replication of the 

relatively small genome of prokaryotic cells involves the specific interaction of replication 

proteins with a single well defined DNA sequence which acts as an origin for the initiation 
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of DNA replicadon (Koraberg., 1988; Komberg and Baker., 1991). In eukaryotic cells, 

which have both larger genomes and multiple chromosomes, the timely synthesis of DNA 

during the S phase of the cell cycle is achieved by using a large number of origin sequences 

which are distributed along chromosomes at somewhat regular intervals (Fangman and 

Brewer., 1991; Newlon et al., 1993; Newlon., 1988). The use of these origins during 

replication is dependent upon the binding of several proteins, including the six proteins 

which constitute the origin recognition complex (ORG) along with the minichromosome 

maintenance (MCM) protein family members (Walter and Newport, 1998 and reviewed 

in Wang, 1995). Studies clearly demonstrate that the regulated association of these proteins 

with the origin sequences is essential for origin activity (reviewed in Newport, 1996). A 

number of observations on DNA replication in metazoan cells have strongly suggested that 

replication in these cells is further regulated by the aggregation of many adjacent origin 

sequences into an organized unit (Gilbert et al., 1993; Hamlin et al., 1993). It has been 

proposed that these replication clusters, "factories", foci or centers serve to coordinate and 

regulate the synchronous activation of multiple adjacent origin sites during S phase (Walter 

and Newport, 1998 and reviewed in Newport, 1996). MAR regions have also been 

proposed to facilitate the replication process (Bode et aL, 1992). Chromosomal replication 

within the nucleus clearly occurs within morphologically defined factories attached to the 

matrix/backbone (Hozak et al., 1993). Further, the nuclear envelope has a regulatory role in 

determining the activity of the 'licensing" process that capacitates replication initiation 

(Blow and Laskey., 1988; Leno et aL, 1992) and dictates that replication occurs once per 

cell cycle. 

The basal transcriptional machinery appears to be removed firom the promoter 

elements by the passage of a replication fork (Wolffe et al., 1986). Replication supersedes 

transcription. A direct consequence of the replication foiic progression through an active 

gene is the displacement of transcription factors. Several studies support the above 
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hypothesis. Studies have shown that replication forks invade the transcriptionally active 

ribosomal RNA genes in yeast (Lucchini and Sogo., 1994; SafFer and Miller., 1986). 

Nucleosomes are also disrupted by replication (Gruss et aL, 1993; Gruss et al., 1990; Ito et 

aL, 1997; Jackson et al., 1990; Sogo et al., 1986). Thus, replication transiently erases both 

functional transcription complexes and repressible histone/DNA interactions. 

Despite the local disruption of nucleosomes during replication fork transit, the 

histones originally associated with a region of replicating DNA tend to remain associated 

with the same region of DNA (about 1-2 kb) (Randall and Kelly., 1992). This suggests 

that histones possessing a particular marked state of modi^cation remain in the vicinity of a 

particular gene, and also within a preexisting chromosomal domain (Perry et aL, 1993). 

Moreover, nucleosomes within arrays segregate randomly to either of the two daughter 

DNA molecules, but do so in small groups (3-4 nucleosomes) (Sogo et al., 1986). Newly 

synthesized DNA is immediately packaged by histone proteins through the action of 

molecular ch^rones associated with the replication foric (Smith and Stillman., 1991). 

This replication-coupled chromatin assembly facilitates the establishment of a 

transcriptionally repressed state (Almouzni and Wolffe., 1993). Thus, a regional state of 

histone modification, such as acetylation, extending over more than 10(X) bps is likely to be 

discontinuously maintained after replication. This could provide a platform for the retention 

of chromatin-associated DNA-binding proteins, for example, chromodomain proteins such 

as Polycomb, histone aceyltransferase, or deacetylases. Nevertheless, preexisting 

chromatin proteins can only account for the assembly of 50% of the daughter DNA into 

chromatin. Thus, preexisting chromatin can only serve to "seed" the reassembly of similar 

stractures within a domain. If enzymes that modify chromatin, such as histone 

acetyltransferase, are retained, their activity will lead to the complete modification of the 

entire domain. Alternatively, cooperative interaction between proteins such as Polycomb 

proteins might occur to reestablish heterochromatin structures within the daughter genome. 
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Theiefoie within the interphase nucleus, global chromosomal changes govern the 

regulation of nuclear processes. 

Structural changes at the chromosome level - "difTerential interphase condensation" 

and epigenetic effects 

Normal gene expression in vivo extend beyond a gene to its chromosomal and 

nuclear environment We present two primary ways in which gene expression is regulated 

within the active nucleus; by "differential interphase condensation" and by epigenetic 

effects brought about by the sensing or the commutation of a gene with its enviroiunent 

"Differential interphase condensation" is used here to indicate that variations in 

chromosome condensation patterns cause structural changes which are fimctionally 

essential Different levels of chromosome condensation and decondensation, Hrst establish 

and, later maintain and regulate many nuclear processes as development proceeds. Many 

genes or whole chromosomes are silenced due to differential condensation patterns. 

Examples of such mechanisms are dosage compensation, polycomb silencing and X-

inactivation. 

Epigenetic phenomena refer to modiHcations in gene expression that are brought 

about by heritable, but potentially reversible changes in chromatin structure. Epigenetic 

effects usually involve gene silencing. In Drosophila there are examples of genetically 

identified proteins that are involved in silencing the same target genes. These proteins 

might interact at complex binding sites and nucleate the formation of silencing complexes 

encompassing nearby sequences. The "stickiness" required might also operate between 

homologs (such as in transvection) and even between unlinked sites (homeotic gene 

alencing by polycomb proteins). This general model also accounts for the ability of 

heterochromatin to silence reporter genes, the effect known as position effect variegation 

(PEV). b mammals, epigenetic phenomena include, meiotically heritable genomic 
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imprinting and X-chromosome inactivadon processes. Heritable differences in gene 

function depend on whether the gene comes from the male or female parent leading to 

genomic imprinting, which has been shown to be essential for both development in mice 

and humans. Further, not only is the on and off activity states of the X chromosome 

somatically inherited, epigenetic differences also exist between the maternally and 

paternally derived X chromosome. Furthermore, patterns of methylated bases are proposed 

to be heritable and are involved in both genomic imprinting and X inactivation. Gene knock 

out studies have shown that DNA methyltransferease is essential for normal development 

and the maintenance of genomic imprinting, leading to methylation-dependent epigenetic 

mechanisms. However, methylation-independent epigenetic mechanisms of gene 

regulation are present in Drosophila, but similar mechanisms are used in the control of 

gene expression. Plants also have epigenetic phenomena that are meiotically inherited and 

resemble those seen in higher eukaryotes. Paramutation in plants involves the meiotically 

heritable weakening of one allele by the other after their interaction in the heterozygote. This 

phenomena demonstrates that some alleles and homologous unlinked loci can interact in 

trans, resulting in persistent changes in expression after the interacting genes are inherited 

separately in progeny. Thus, chromosome structural changes establish, maintain and 

regulate gene expression during development, and some expression patterns are both 

somatically and meiotically heritable. 

Below I describe examples of nuclear processes that use differential interphase 

condensation mechanisms to cause structural changes leading to the establishment of 

fimctional processes, namely dosage compensation and polycomb silencing in Drosophila. 

I further describe examples of epigenetic phenomena, namely position effect variegation, 

and transvection in Drosophila and genomic imprinting and X -inactivation, in mice and 

mammals, that also utilize structural changes for establishment It should be noted here that 

whatever the mechanism may be, different organisms have evolved to use similar methods 
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where all nuclear processes lead to structural changes within chromosomes. 

Gene silencing earned by "differential interphase condensation "patterns 

Dosage compensation in flies 

Dosage compensation in Drosophila melanogaster is achieved by 

hypertranscription of the single male X chromosome, so that it produces as many 

transcripts as the two female X chromosomes (Mukheijee and Beermann., 1965). 

Hypertranscription is correlated with an altered chromatin structure of the male X 

chromosome, which in the light microscope has a more diffuse appearance than other 

chromosomes and is as wide as the two female X chromosomes (Dobzhansky., 1957; 

Offermann., 1936). Four known genes regulate dosage compensation: maleless (ntle) and 

male-specific lethal-1,-2 and -3 (msl-l, msl-2 msl-3, Belote et aL, 1980a; Belote et al., 

1980b; Franke et al., 1996; Fukunaga et al., 1975; Lucchesi and Manning., 1982; Uchinda 

et aL, 1981). Mutations in these loci, which are collectively referred to as the male-specific 

lethals {msls) reduce the transcription rate of X-linked genes in males to about 60% of the 

wild type levels (Belote et aL, 1980a), leading to lethaliQr at late larval/early pupal stages. In 

these mutants, there is also a change in the structure of the X chromosome, which now has 

the same appearance as other chromosomes (Belote et al., 1980a; Gorman et al., 1993; 

Lucchesi and Manning., 1982; Okuno et al., 1984). 

There is a striking common feature in all four proteins. Immunostaining of 

polytene chromosomes from third instar larval salivary glands show binding of these 

proteins to hundreds of sites along the male X chromosome, whereas essentially no 

binding is observed on chromosomes from female larvae (Bashaw and Baker., 1995; 

Gorman et al., 1995; Gorman et aL, 1993; Kelly et al., 1995; Kuroda et aL, 1991; Palmer et 

aL, 1993; 23iou et aL, 1995). The sites at which these four proteins are bound to the 
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chromosome are identical, with the exception that MLE is fomid at a few dozen sites where 

the other MSL proteins are not bound. Strildngly, binding of each of the MSL proteins is 

dependent on the presence of all four proteins, suggesting that the MSL proteins may be 

associated in a heteromeric protein complex (Bashaw et al., 1995; Gorman et aL, 1993; 

Hilfiker et al., 1994; Palmer et aL, 1993). Biochemical support is provided by the finding 

that the MSL-1 and MSL-2 proteins can be co-immunoprecipitated from proteins extracted 

of male larvae (Kelly et aL, 1995). 

An important clue as to the function of the msls came from the observation that 

histone H4 acetylated at the lysine 16 residue (H4Acl6) is also associated with hundreds of 

sites along the male X chromosome (Lavender et al., 1994; Turner et al., 1992). H4Ac 16 

is additionally associated with 30-40 autosomal sites in both sexes, and a small number of 

X chromosome sites in females (Turner et al., 1992). The enrichment of H4Acl6 on the 

male X is dependent on MSLs function. The positions on the male X chromosome where 

H4Acl6 is detected coincide largely with MSL binding sites (Bone et al., 1994). These 

observations suggest a role for the MSLs in changing chromosome structure to bring about 

dosage compensation (reviewed in Baker, 1994). Thus these studies suggest that 

differential chromosome condensation patterns are responsible for dosage compensation. 

Polycomb silencing 

Homeotic genes of Drosophila provide a key model for studying the mechanisms 

that maintain states of gene expression during development Homeotic gene expression is 

established by one set of regulatory factors early in development and maintained by a 

different set of factors during later development These factors fall into two classes. The 

polycomb group (PcG) proteins are transcriptional repressors of homeotic genes that first 

establish and later maintain the inactive state through development, while members of the 

tiithorax group (trxG) act as transcriptional activators. Current models envision that PcG 



26 
and tixG proteins Uock in* the inactive or active state, respectively, by creating a stable 

chromatin organization (Buchenau et aL, 1998 and reviewed in Pirrotta, 1997; Kennison et 

al., 1998). 

There is considerable amount of evidence that suggests that the products of these 

PcG genes act in a common multimeric protein complex. Double and triple mutant 

combinations of the PcG genes show a synthergistic reinforcement of the homeotic 

phenotypes observed with single mutants, consistent with their participation in a common 

regulatory structure (Jurgens., 1985). Further, two PcG proteins, Polycomb (PC) and 

Polyhomeotic (PH), have been shown to be present in a multimeric complex which 

contains 10 to 15 other components (Franke et al., 1992). Mouse homologs of PC, PH and 

Posterior Sex Combs (PSC) are also constituents of a multimeric complex (Alkema et al., 

1997), and either mouse or human PH can homo-dimerize with itself and interact with 

PSC(Gusteretal., 1997). 

PcG response elements (PREs) are cis-acting DNA elements which mediate PcG 

silencing (Chan et aL, 1994; Ciang et al., 1995; Simon et al., 1993). They are able to recruit 

PC proteins to an ectopic site in polytene chromosomes, which corresponds to the position 

at which the transposon is inserted. Recent studies have shown that PC is strongly 

associated with PREs in inactive genes of the bithorax complex (BX-C) (Strutt and Paro., 

1997a; Strutt et aL, 1997b). The distribution of PC surrounding PREs was consistent with 

PREs acting as nucleation points for PcG complexes, which then spread locally over 

several kilobases to stabilize silencing. It has been suggested that PcG complexes sequester 

target genes into a chromosome conformation that is inaccessible to transcription factors 

(Pirrotta and RastellL, 1994). Therefore, it can be proposed that the PcG protein complex 

silences its target genes by spreading along the chromosome and altering the packaging of 

DNA (Paro., 1990; Paro., 1993). 

The mechanism of PcG protein repression may be similar to heterochromatic 
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silencing. Like the PcG complexes, heterochromatin consist of multimeric protein 

complexes. Cooperative interactions between these complexes lead to the assembly of 

reiterated structure along the chromosome, which makes the DNA inaccessible to trans

acting factors (Pak et al., 1997). PC protein has strong homology to the heterochromatin-

associated protein HPl in a region known as the chromodomain (Paro and Hogness., 

1991). The association of PC with PREs is probably mediated by the chromodomain, as 

PC-lacZ fusion proteins which contain mutations in the chromodomain were observed to 

lose the ability to bind to polytene chromosomes (Platero et al., 1995). Moreover, 

chrimeric HPl proteins in which the HPl chromodomain is replaced with that of PC are 

targeted to PC binding sites (Messmer et al., 1992). However, PC has not been shown to 

bind DNA directly and the chromodomain is therefore likely to be associated with DNA 

indirectly, through interactions with other PcG proteins. Regardless of what the regulation 

steps might be, these studies support the idea that PcG silencing and heterochromatic 

silencing have a common mechanistic basis. The mechanism of PcG protein repression 

may also be similar to heterochromatic silencing observed in position effect variegation 

(PEV) in Drosophila. 

Gene silencing as a result of epigenetic effects 

Position effect variegation (PEV) 

PEV is an epigenetic phenomena associated with heterochromatic regions of the 

genome. PEV describes the stochastic inhibition of expression of a euchromatic gene when 

it is placed in the vicinity of heterochromatin by a chromosomal inversion, and is thought 

to result fix)m the spreading of heterochromatin into the adjacent euchromatin (Reuter and 

Spierer., 1992 and reviewed in Henikoff., 1997). When a gene is moved to a position near 

a block of centromeric heterochromatin by a chromosome rearrangement, its transcription 
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will often be affected. The gene is expressed in some cells but is silent in others resulting in 

a mosaic pattern that can be easily detected. The prevailing model for this phenomenon 

invoked a spreading mechanism, in which the condensed transcriptionally silent state of 

heterochromatin extends along the length of the chromosomes into neighboring genes. For 

example when the euchromatic gene white, which is responsible for the red eye colour of 

the fruit fly is relocated near heterochromatin because of an X-chromosome rearrangement, 

white fimction is extinguished in some cells, leading to a mottled pigmentation. This 

variegation is proposed to occur when the condensed and inactive conformation of 

pericentric heterochromatin, spreads over the breakpoint of the rearrangement and 

randomly inactivates neighboring genes (Locke et al 1988; Eissenberg, 1989; Tartof et al 

1989; Henikoff 1990; Csink and Henikoff, 1996; Demburg, et al 1996a). 

Direct evidence of altered chromatin structure associated with the PEV 

phenomenon was first described by Wallrath and Elgin (1995). Using standard chromatin 

analysis on isolated nuclei, they showed that one particular hsp26 promoter site inserted 

into pericentric heterochromatin via P elements resulted in both a reduced accessibility to 

restriction enzymes and correlated with a strong variegated phenotype. Furthermore, 

micrococcal nuclear digests showed that these inserts were packaged in a more regular 

nucleosome array than that observed for euchromatic inserts. Thus, in this case 

chromosome alterations resulted in variegation. 

As mentioned above, striking stmctural and functional similarities exist between 

PEV and the activities of PcG proteins in regulating the homeotic genes. Since both HPl 

and PcG proteins share a domain of homology, it is suggested that PcG proteins may 

fimction by the regulation of higher order chromatin structures (Paro and Hogness, 1991). 

This regulation is mediated by PREs that are able to maintain the expression boundaries of 

homeotic genes in a PcG dependent manner (Simon et al 1993). When present in reporter 

gene constructs in transgenic flies, such elements cause additional PC binding at the 



29 
insertion site on polytene chromosomes (Zink et al 1991) and they aie able to silence 

neighboring reporter genes in a PcG-dependent manner (Fauvarque and Dura, 1993; Chan 

et al, 1994; Gindhart and Kaufman, 1995; Ginhart et al, 1995; Zink and Paro, 1995). The 

analogy between the variegated phenotype of such reporter genes and PEV has lead to this 

phenomena being called "developmental regulatory effect variegation" (Fauvarque and 

Dura, 1993 and Boivin and Dura, 1998). PREs are thought to act as sequences that recruit 

members of the PcG, and nucleate the formation of PcG silencing complexes on target 

genes (Pirrotta and Rastelli, 1994; Orlando and Paro, 1995). It was proposed that PcG 

complexes function by spreading from PREs over extended chromosomal domains. Thus 

similar to heterochromatin silencing observed in PEV; PcG complexes may package 

chromatin into a compact structure that prevents the binding of transcriptional factors (Paro 

1990). This is supported by the finding that PC is associated with the entire inactive region 

of the Bithorax-Complex (6X-C) in tissue culture cells (Orlando and Paro 1993) and that 

GAL-4 dependent transcription is inhibited by PC in the BX-C regulatory region of the 

Ubx gene in embryos (McCall and Bender, 1996). However, no significant difference in 

the accessibility of restriction endonucleases has been detected between the inactive and 

active states of theAntennapedia gene in imaginal discs, a hometic gene whose expression 

pattern is regulated by PcG. 

Transvection 

Transvection is the phenomenon by which the expression of a gene can be 

controlled by its homologous counterpart in trans, prestmiably due to pairing of alleles in 

diploid interphase cells. That is, the enhancer on one homolog can act on the promoter on 

the other homolog and turn on gene expression. Transvection has been reported for several 

loci in Drosophila, but the most thoroughly studied is BX-C. Lewis first illustrated 

transvection by showing how complementation between two alleles of the bithorax gene 
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complex can be antagonized by disiuptions of somatic pairing (Lewis, 1954). Transvecti(Hi 

effects have now been reported in several different loci, of which the white, Ubx, dpp and 

yellow loci are the best characterized, both genetically and molecularly. Genedc and 

molecular studies indicate that transvecdon can be understood as the ability of regulatory 

elements on one chromosome to control the expression of the corresponding gene on the 

paired homologous chromosome (reviewed in Wu, 1993). For example, in the Ubx gene, 

the dominant Cbx mutation causes the expression of the Ubx gene in cells where it is not 

normally expressed (White and Akam 1985). Further, two yellow mutations, y  ̂ and 

cause abnormal yellow pigmentation (Geyer et al 1990). Mutation yi^ is caused by the 

insertion of a transposable element between the promoter and two enhancers, while is 

a derivative of that lacks part of the transposable element as well as the promoter and 

first exon. Transvection is observed when complementation is negated if the two alleles are 

not allowed to pair. These smdies propose that transcription factors that have been attracted 

to the y^^^ enhancers act upon the y^ promoter by tracking or DNA looping. 

It is not known how early in development transvection occurs nor the extent or 

duration of the underlying physical interactions. However, two models have been 

postulated. One suggests that transvection occurs by the direct interaction of the 

homologous chromosome elements and the other by the transmission of a soluble 

macromolecule such as a short-lived RNA transcript from one homolog to the other. 

Common to both models is the assumption that transvection depends on the physical 

proximity of the two homologous alleles. Recently, Gemkow et al (Gewkow et al., 1998) 

showed that homologous association of the BX-C starts early in Drosophila development 

and is a consequeiKe for transvection. Further, Morris et al (Morris et aL, 1998) propose 

two mechanisms for transvection. In addition to enhancers of one allele acting in trans on 
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the promoter of a paired homolog, transvection can also occur by enhancer bypass of a 

chromatin insnlator in cis. Using two yellow alleles, they demonstrate that transvection at 

yellow can occur by the action of enhancers in trans and the bypass of a chromatin 

insulator in cis. They suggest that bypass results from conformational changes in the gene 

caused by homolog pairing. Whatever the mechanism, homolog associations appear to 

govern fimctional process by exerting structural modification. 

X inactivation and Genomic imprinting: examples of epigenetic effects in vertebrates 

Similar to PEV and transvection mechanisms observed in Drosophila, in mice and 

mammals, DNA methylation and methylation associated proteins cause X-inactivation and 

genomic imprinting via epigenetic mechanisms. Below, I briefly review methylation and 

its role in X inactivation and genomic imprinting. 

The genome of an adult vertebrate cell has 60-90% of the cytosines in CpG 

dinucleotides methylated by DNA methytransferase (Riggs and Porter., 1996). This 

modification alters the recognition of the double helix by the transcriptional machinery and 

the structural proteins that assemble chromatin (Kass et al., 1997b; Nan et al., 1997). DNA 

methylation can control gene activity either at a local level, through effects at a single 

promoter and enhancer, or through global mechanisms that influence many genes within 

an entire chromosome or genome (Tate and Bird-, 1993). An increase in methyl-CpG 

correlates with transcriptional silencing for whole chromosomes (X inactivation), 

transgenes, particular developmentally regulated genes and human disease genes (Li and 

Wrange., 1993; Szyf., 1996). All of these systems exhibit epigenetic effects on gene 

regulation in which identical DNA sequences are differentially utilized within the same ceU 

nucleus (genomic imprinting). These patterns of differential gene activity are clonally 

inherited through cell division. Because specific methyl-CpG dinucleotides are maintained 

through DNA replication, DNA methylation states also provide an attractive mechanism to 
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maintain a particular state of gene activity through cell division. 

DNA methylation and it's role in X inacttvation and genomic imprinting 

There is continuing controversy about the role of methylation in switching off the 

inactive X chromosome (Avner., 1996; Gartler and Goldman., 1994; Singer-Sam and 

Riggs., 1993). Sex chromosome dosage compensation in mammals is established and 

maintained by the random inactivation of one X chromosome within each somatic cell 

nucleus. Active and inactive states are maintained through replication. Many genes in the 

inactive X chromosome are heavily methylated, in contrast to the active X chromosome 

(Grant and Chapman., 1988). These methylated regions are recognized by two 

transcriptional repressors, MeCPl and MeCP2 that bind to methyl-CpG without apparent 

sequence specificity (Lewis et al., 1992; Meehan et al., 1989). Recent studies indicate that 

MeCP2 is a chromosomal protein vdth the capacity to displace histone HI from the 

nucleosome (Nan et aL, 1997; Nan et aL, 1998). Moreover, MeCP2 contains a methyl-

CpG DNA-binding domain, which alters the chromatin structure directly, and a repressor 

domain, which functions indirectly to confer long-range repression in vivo (Nan et al., 

1993; Nan et al., 1997). MeCP2 recognizes methylated DNA on naked DNA that is too far 

away from the basal transcriptional machinery and RNA polymerase II to repress 

transcription. The assembly of nucleosomes compacts the intervening DNA bringing the 

basal machinery and RNA polymerase closer to the repressive MeCP2. Transcription can 

now be repressed weakly. Further, MeCP2 might recruit a transcriptional co-repressor 

and/or histone deacetylase or some other chromatin modification complex that interacts 

with nucleosomes, to assemble a more stable repressive chromatin structure, which allows 

strong repression. This structure displaces the basal machinery and RNA polymerase from 

the DNA. Further, MeCP2 might spread from the methylated DNA segment directly 

excluding the basal machinery and RNA polymerase from DNA, providing a strong 
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repression. The replacement of histone HI with MeCP2 is a possible explanation for the 

assembly of a distinct chromatin structure on methylated DNA (Kass et al., 1997ab; Nan et 

aL, 1997; Wolffe., 1998) that bring about maintenance of inactivity. 

However, methylation and MeCPs may not be the only process involved in X 

inactivation. New evidence show that the X inactive speciHc transcript gene (Xist) plays an 

important role in the initiation and propagation of X-inactivation (reviewed in Brockdroff, 

1998). The Xist gene produces a large processed RNA which has no apparent protein-

coding capacity and is transcribed exclusively from the inactive X (Panning et al., 1997; 

Sheardown et al., 1997). The RNA is retained in the nucleus and RNA fluorescence in situ 

hybridization studies demonstrate that it "coats" the inactive X chromosome. Since the 

onset of Xist expression immediately precedes the onset of X inactivation, DNA 

methylation may be the initial step in signaling inactivation. A recent paper shows evidence 

for differential methylation of the Xist promoter, and identifies a candidate factor that 

shows specificity for binding methylated Xist promoter sequence in vitro (Huntriss et aL, 

1997). Thus, methylation, MeCPs and Xist RNA are important in condensation of 

chromatin during X inactivation. 

Promoters in the inactive X chromosome appear to be incorporated into positioned 

nucleosomes that are not acetylated, whereas promoters in the active X chromosome are 

free of such structures, containing nucleosomes that are highly acetylated and with 

transcription factors bound to them (Jappesen et al., 1993; Riggs and Pfeifer., 1992). 

Recent studies further suggests that histone underacetylation plays a role in stabilizing the 

inactive state rather than in its initiation (Keohane et aL, 1998). Thus, specific chromatin 

structures, containing modified histones, clearly appear to have a role in establishing and 

maintaining differential gene activity between two X chromosomes. However, inactivation 

of the X-linked genes occurs before methylation during the differentiation of embryonic 

female somatic cells (Lock et al., 1987). This suggests that a mechanism may exist to 
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repress transcription within the inactive X chromosome, regardless of methylation and/or 

the underacetylation of histones. In contrast, if methylation is impaired in the developing 

mouse embryo, major changes occur in the expression of imprinted genes (Li and 

Wrange., 1993). 

Genomic imprinting is due to the imposition of different information on DNA in 

male and female gametes, which is transmitted to the ^gote. This information is heritable 

but also reversible. In other words, a matemal imprint is reversed in a subsequent male 

gamete and vise versa (reviewed in Kass, 1996; Holliday, 1996). It has been clear from 

the begirming that DNA methylation might be the source of the imprinted signal, namely 

that one gamete might have specific methylated cytosines, whereas these same cytosines 

would be unmethylated in the other gamete (reviewed in Ainscough, 1996; Walter, 1996; 

Shemer, 1996; Reik, 1998). For example, the reduction in DNA methylation leads to 

activation of the normally silent paternal allele of H19, the repression of the normally active 

patemal allele of the Igf2 gene, and the repression of the normally active matemal allele of 

the Igf2r gene (reviewed in Kass, 1996). Furthermore, differentially methylated sequences 

associated with imprinted genes are proposed to control genomic imprinting. Recent 

evidence demonstrate that a 2kb region located 5' to the imprinted H19 gene is 

hypermethylated on the inactive patemal allele throughout development (Elson and 

BartolomeL, 1997; Tremblay et al., 1997). The deletion of the differentially methylated 

domain in both H19 and Igf2r result in loss of imprinted expression of H19 (Thorvaldsen 

et al., 1998) and IgfZr (Birger et al., 1999). These results dramatically demonstrate a key 

role for DNA methylation in imprinting. 

The active X chromosome normally replicates early in S phase, whereas the 

inactive chromosome replicates late (TakagL, 1974). However female lymphoma cell lines 

have been isolated in which the converse occurs (Yoshida et al., 1993). Thus, the inactive 

X chromosome does not have to replicate late in S phase in order to be transcriptionally 



35 
quiescent Likewise, although the replication timing patterns of maternal and paternal alleles 

of the imprinted genes H19, Ig£2, and Ig£2r differ with the paternal allele always being 

early replicating, there is no simple correlation with gene activiQr (Kitsberg et aL, 1993). 

Nevertheless, the differential replication timing phenomenon is useful in demonstrating that 

the imprinted genes are embedded in large chromatin domains that have distinct replication 

patterns. The formation of such domains may provide a structural imprint on gene activity 

(Kitsberg et al., 1993). 

As mentioned above, although there is no methylation in Drosophila or in maize, 

similar epigenetic mechanisms are observed. Proteins such as the Polycomb group of 

proteins in Drosophila, and the pi and b loci that encode transcription factors in maize 

(Chandler et al., 1996; Hollick et al., 1995; Hollick et aL, 1998; HoUick et al., 1997) may 

play similar roles in establishing epigenetic mechanisms such as position effect variegation, 

transvection and paramutation. I have already described these in detail. However, it is 

obvious that whatever the mechanism may be, chromosomes undergo structural changes 

that establish many nuclear processes. Thus, these examples demonstrate that structural 

changes are finally responsible for the establishment, maintenance and regulation of 

fimctional events within the interphase nucleus. 

Interphase chromosomal movements within the nucleus 

Taken together, the nuclear processes described above indicate that within the 

interphase nucleus; chromosome fibers are highly contorted, looping back and forth as 

transcription and replication occur, changing in condensation as genes are turned on and 

off, and as epigenetic effects are established. Thus, the interphase nucleus is a dynamic and 

active environment within which chromosomal movements can occur. 

To date, studies on interphase chromosomal movements are limited and somewhat 

contradictory. Some studies suggest that chromosomes are relatively immobile during 
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interphase. In living HeLa cells, centromeies are generally motionless during interphase 

(Shelby et aL, 1996) and photobleaching studies in isolated interphase nuclei indicate that 

chromosomal reorientational mobility is highly restricted (Abney et al., 1997). In contrast, 

some studies suggest that chromatin can reposition during interphase. The coalescing and 

dispersing of centromeies in cultured cells in late G2 and early G1 (Manuelidis et al., 

1985), the occasional slow movement of centromeres in living HeLa cells (Shelby et aL, 

1996), the random mobility of active transcriptional sites within nuclei (Buchenau et aL, 

1997), suggest that simple random contacts through diffiision could sufSce and allow 

pairing of homologous sites (Fung et al., 1998). Further, the observation of constrained 

diffusional motion of interphase chromosomes in living nuclei of Saccharontyces 

cerevisiae and of Drosophila (Marshall et aL, 1997) and, most recendy the evidence that 

pairing or association of homologous chromosome may be mediated through protein-

protein interaction (Gemkow et al., 1998), indicate that chromosomes are free to undergo 

substantial Brownian modon. 

Marshall et al (Marshall et al., 1997) conclude that chromatin should take roughly 

one to ten minutes to diffuse 1 micron in a random direction, with a diffusion constant of 

between 10-12 to 10-11 cm^/sec. The random walk giant loop model for chromosome 

dynamics (Sachs et aL, 1995) assumes that chromosomes are free to move within a 

spterical nucleus, when in fact we know that they are tethered at defined chromosomal 

sites to an ellipsoidal nuclear envelope (Marshall et al., 1996). Since the chromosomes are 

highly ordered within the nucleus, we postulate that chromosomes could move in a more 

directed fashion rather than by simple diffusion or Brownian modon. 

A functional significance of interphase chromosome movement is strongly 

suggested by changes in localization of large chromatin blocks during differentiation 

(Demburg et al., 1996a; Janevski et al., 1995), transcription (Buchenau et al., 1997) and 

changing stages of the cell cycle (Bartholdi et al., 1991; Ferguson et aL, 1992; Funabiki et 
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aL. 1993; T .aSallft et al., 1996). However, these results are often explained as a consequence 

of Brownian motion. Because of the long duration of the cell cycle, the observed frequency 

and developmental timing of gene association, apparent movement could result from 

passive processes like random division and capture rather than by active translocation 

(Demburg, 1996). Nevertheless, it is reasonable to imagine that, at certain times in 

development other than meiosis, active modes of gene movement are necessary to facilitate 

intrachromosomal organization and commimication. Thus, we make the distinction here 

that within the interphase nucleus passive changes can occur, but active and directed motion 

also exists as fimcitoanl processes are established, maintained and regulated. 

Our studies demonstrate that active, directed motion also occur within the 

interphase nucleus (see Chapter 2 and Gunawardena et al., 1999a and 1999b). We observe 

that chromosomes move in a directed fashion during early Drosophila embryogenesis, at a 

time in development when many nuclear processes are just begitming to be established 

(reviewed in Chapter 2). Although our studies depict a novel phenomena as yet unreported, 

the observation that all genes within euchromatic chromosomes are in motion is not 

surprising, given that interphase is a dynamic period for chromatin based activities, which 

require structural changes as nuclear functions become established and later maintained and 

regulated (see this Chapter). 
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The methods, results and conclusions of this study are presented in the papers 

appended to this dissertation. This chapter will summarize the present study, justifying the 

experimental system and the cell biological methodology. I discuss my results, presenting 

our model for chromatin organization within the interphase nucleus. Lastly, I present a 

speculative discussion on the functional significance of chromosome movement within the 

interphase nucleus. 

Drosophila melanogaster 

Drosophila melanogaster is an excellent experimental system as it has a small 

genome and a fast generation time. The genome of Drosophila consists of four diploid 

chromosomes including a rod-shaped X chromosome, a submetacentric Y chromosome, 

two large metacentric chromosomes (2 and 3) and a dot-like chromosome 4 (Ashbumer, 

1989). For this study I used Drosophila embryos during early embryogenesis. We collect 

thousands of embryos at different nuclear cycles by calculating the known times in 

embryonic development A newly laid egg is approximately 0.42mm long and has a 

diameter of 0.15mm (Sonnenblick, 1950). During early embryogenesis all nuclei divide 

synchronously, providing us with thousands of nuclei that are functionally identical but 

unregulated (Foe and Alberts, 1983; Foe et al., 1993). The chromosomes within the diploid 

nucleus are highly organized following the Rabl organization, with the centromere towards 

the top, the embryo surface and the telomere towards the bottom, the interior of the embryo 

(reviewed in Foe et al., 1993; Marshall et al., 1997; Swedlow et al., 1993). This 

organization dictates the apparent three dimensional location of genes within the interphase 

nucleus. 
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To gain insight into both local and global changes in chromatin structure, we 

examined diploid nuclei during the mid-blastula transition in Drosopkila embryogenesis. 

Prior to cycle 14, all somatic nuclei share a common cytoplasm, undergoing mitosis 

synchronously (Foe and Alberts, 1983). Cycle 14 marks the transition between the 

cleavage stage, characterized by rapid cell cycles consisting of alternating S and M phases, 

and somatic cell cycles, which have G1 and G2 phases (reviewed in Foe et al, 1993). DNA 

synthesis begins inunediately after telophase 13, and proceeds in conjtmction with high 

levels of transcriptional activity. Starting about 10 minutes into cycle 14 and continuing for 

another 30 minutes, nuclei become enclosed within individual cell membranes. Although 

the cells are still morphologically indistinguishable, gene expression patterns vary widely 

&om one patch of cells to the next, limiting the developmental options of cells in the 

blastoderm. The first morphogenetic movements of gastrulation begin at 55 minutes into 

cycle 14, followed by the first cellular mitoses at about 73 minutes (Foe., 1989). No longer 

synchronous, mitosis 14 takes place in patches or domains of cells that undergo mitosis in 

a specific order based on the position of the cells at blastoderm. 

Chromosomes also imdergo significant changes in the interval between telophase 

13 and prophase 14. For the first time since fertilization, histone HI is evident (Elgin and 

Hood, 1973) and the centric and telomeric regions become condensed into heterochromatin 

(Foe and Alberts, 1983) correlated with the dramatic increase of the heterochromatic 

protein HPl (James et aL, 1989). Position-effect variegation (gene silencing induced by 

heterochromatin) is observed for the first time (see Spofford and Desalle., 1991). 

Homologous chromosome pairing becomes obvious at this time, but it is still incomplete 

at gastrulation (Hiraoka et al, 1993; Fung et al, 1998; and Gunawardena and Rykowski 

unpublished data). Dosage compensation is also in place by the end of the cycle (Franke et 

al, 1996), and most recently the homologous association of the BX-C genes suggest a 

consequence for transvection, the control of genes by regulatory sequences in trans 
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(Gemkow et al., 1998). Further, recent observations suggest that the Polycomb group 

(PcG) proteins are also bound to target sequences by the cellular blastoderm stage (Orlando 

et aL, 1998), possibly a prelude to eventual genomic imprinting by the PcG proteins which 

may be completed at this cell cycle (see Chapter 1). The dramatic increase in transcriptional 

activity in cycle 14 might also have some effect on the structure of euchromatin, although 

this has yet to be observed directly. Finally, the nucleus enlarges and elongates as 

cellularization proceeds, and the chromatin expands to fill the space. Thus, we reasoned that 

cycle 14 is an exceUent stage in which to examine both global and local chromosomal 

structure. 

In situ hybridization for die analysis of native chromatin 

To infer the native structure of chromosomes we used a cell biological approach. 

We developed an ultra-sensitive, two colour, whole mount in situ hybridization technique 

to observe chromatin within diploid nuclei (Gunawardena and Rykowski, 1994). Using 

high resolution, 3-dimensional optical microscopy and computational image analysis 

techniques, we first established the limits of resolution of two-colour in situ hybridization 

to chromosomal DNA in diploid chromosomes of Drosophila embryonic nuclei 

(Gunawardena et aL, 1995). 

Fluorescence in situ hybridization offers the potential of examining the structural 

features of chromosomes within interphase nuclei. The principle behind in situ 

hybridization is the specific annealing of a labeled nucleic acid probe to complementary 

sequences in fixed tissue, in this case in whole embryos, followed by visualization of the 

location of the probe. To ascertain both local and global changes in chromatin structure, it is 

imperative that chromosomes are fixed in their native or in vrvo-like structure before 

hybridization. Thus, the most important consideration in the preparation of chromosomes 

is the elimination of fixation artifacts, which significandy alter the native structure. To this 
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end, we use a protocol adapted from Mitchison and Sedat (Mitchison and Sedat, 1983) that 

provides excellent chromosome preservation and is widely used in the field (Hiraoka et al, 

1990; Hiraoka et al, 1993; Demburg et al, 1996b; Demburg and Sedat, 1998; Marshall et 

al, 1996; Demberg et al, 1996a; Buchenau et al, 1997; Fung et al, 1998). The embryos are 

analyzed for optimal chromosome morphology and immediately used for hybridization as 

described in (Gunawardena and Rykowstd, 1994). The probes are prepared by nick 

translation with biotin-16-dUTP or digoxigenin-11-dUTP to generate single-strand lengths 

averaging 75-150 bases, which are optimal for hybridization to chromosomal DNA. 

In the following sections, I review our observations and conclusions. Using high 

resolution image analysis combined with the properties of the blastoderm embryo, we first 

demonstrate our ability to obtain unprecedented temporal and spatial resolution in the 

Notch gene (Gunawardena et al., 1995). We use developmental landmarks in the embryo 

to correlate the age of the embryo and its cell cycle stage, with the observed changes in 

gene structure, to fiuther understand the developmental changes in chromatin structure 

during the mid-blastula transition in Drosophila. We observe that the Notch gene structure 

changes, becoming more decondensed as the embryo ages in cycle 14 (Gunawardena et al., 

1999a). In further studies, we localize a variety of genes on the three large chromosomes of 

Drosophila, both individually and simultaneously (Gunawardena et aL, 1999b). These 

studies reviewed below provide us with a measure of the compaction, position and 

orientation of genes within the interphase nucleus. 

Chromatin development in the Notch gene 

We undertook a meticulous study to characterize Notch chromatin changes during 

Drosophila embryogenesis. In the paper entitied ""Hme resolved chromatin 

decondensation in Drosophila meUmogaster, revealed by high resolution in situ 

hybridization", we investigated to a greater extent the changes in chromatin stracture that 
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accompany the developmental expression of the Notch gene during the mid-blastula 

transition in Drosophila embryogenesis (Gunawardena et al., 1999a). Briefly, we 

determined the relative 3-dimensional locations of probes fipom the 5' and 3' ends and the 

whole transcriptional unit of Notch in embryos whose ages ranged from prophase of 

nuclear cycle 12 to 55-65 minutes into cycle 14. We found that the extent of the Notch 

gene decondensation increases with increasing age of the embryo. The decondensation 

occurs preferentially along the long axis of the nucleus, and there is a preferred (but not 

absolute) 5' to 3' orientation. We concluded that our observations are not the result of either 

fixation or optical aberrations. We also compared these results on male embryos with 

results on a female embryo to test whether the transcription level of genes caused by 

dosage compensation had an affecL Because of the timing and direction of gene extension 

in males and females, we conclude that transcription is not the sole cause of Notch gene 

decondensation, although the extension must be permitted and/or initiated by transcriptional 

activity. We further observed Notch gene extension in spherical sponge nuclei, a mutation 

defective in nuclear elongation. These results indicate that chromatin changes within the 

Notch gene are not the result of artifact nor a consequence of nuclear shape. Thus, we 

propose that the structural changes we observe must be the direct consequence of global 

changes, a ramification of nuclear processes becoming established at this developmental 

time. To further understand this decondensation mechanism we undertook a systematic 

study of numerous genes from the three large chromosomes of Drosophila. 

Interphase chromosonne movement 

In the paper entitled "Direct evidence for interphase chromosome movement 

during the mid-blastula transition in Drosophila: A consequence of active nuclear events", 

we present the first direct evidence that genes can translocate at rapid speeds sometimes 

over great distances during interphase of cycle 14 (Gunawardena et aL, 1999b). In this 
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paper we show that during a single interphase, portions of chromosomes move in a cell-

cycle specific, directed fashion, independently, and over long distances. Briefly, we 

determined the structure and nuclear location of nine different loci, both active and inactive, 

in Drosophila embryos during cycle 14. All nine regions show movement, although the 

genes closer to the centromere move faster (0.7 microns/minute) and over long distances 

(5-10 microns), while those nearer the telomere expand in place and become oriented along 

the nuclear axis. Transcription may cause genes to migrate, since RNA polymerase has 

been shown to be a motor more forceful than any traditional motors known (Yin et aL, 

1995, Wang et al, 1998 and reviewed in Gelles and Landick, 1998). We observe that both 

the silent and active genes move within the nucleus as the embryo ages, suggesting that 

transcription is not sufficient for gene migration. Gene motion is observed during both S 

and G2 phases of interphase 14, suggesting that DNA replication is not creating the motive 

force. Furthermore, gene movement is observed in wild type nuclei after nuclear elongation 

is completed, and in mutant, spherical sponge nuclei, indicating that nuclear elongation per 

se has no direct effect Thus, gene motion is independent of replication, transcription, and 

changes in nuclear shape. Since individual genes on the same chromosome move 

independently, the movement is unlikely to be mediated by the centromeres. Moreover, 

chromosomal translocations occur rapidly over a short period of time, indicating that 

movement is unlikely to result from Brownian motion (Marshall et aL, 1997) or random 

drift (Buchenau et al., 1997) and must be caused by an active mechanism. Thus we 

conclude that gene movement is the result of a novel mechanism for interphase 

chromosomal transposition that must be governed by nuclear events. 

We fiuther propose that interphase chromatin is highly ordered within the nucleus, 

much beyond the Rabl orientation, such that loci move independently of each other. We 

observed that the position of the gene on the chromosome directs the amount of movement 

within the nucleus. We tested this further by using a mutant strain carrying a centromere-



44 
telomere inversion on chromosome 3 (see fig 6A in Gunawardena et aL, 1999b). In this 

strain, the wild type centromere proximal Hsp70 gene is now centromere distal while the 

wild type centromere distal pelle gene is now centromere proximal. In contrast to the 

dramatic movement observed in the wild type Hsp70 gene, in this case, we observed that 

the now centromere distal Hsp70 gene (inversion Hsp70) does not move as the embryo 

ages in cycle 14. However, the centromere proximal pelle gene (inversion pelle) is now 

observed to move within the nucleus, contrary to the wild type pelle gene which shows no 

motion, although the speed of movement for inversion pelle is not as rapid (0.2 

microns/min) as observed for the wild type Hsp70 (speed 0.5 microns/min), or wild type 

rosy (0.77 microns/min). These results are consistent with the gene migration pattern 

observed for centromere proximal and distal genes in wild type nuclei (Gunawardena et al., 

1999b), indicating that there is some complexity in chromatin organization at the higher 

order level, within the interphase nucleus, that dictates the behavior of individual loci (see 

Gunawardena et al., 1999b). 

Chromatin order: A step beyond the Rabl orientation 

Chromatin is thought to be organized into flexible loops. The centromere proximal 

Histone gene cluster is arranged in a 5 kb loop, one tandemly repeating unit that contains 

one copy of each gene in one loop (Miikovitch et al., 1984). Miricovitch et al further 

showed that the Hsp70 gene cluster on chromosome 3, lies near the origin of a loop which 

is closely associated with the scaffold region (Mirkovitch et al., 1984). They find two 

attachment sites in close proximity upstream of the regtilatory elements of Hsp70. 

However, the rosy gene which lies close to the Hsp70 gene cluster in the polytene 

chromosome map, lies in the middle of a putative loop (Mirkovitch et aL, 1984; 

Miikovitch et al., 1986). Furthermore, our observations indicate that the Notch gene which 

is a 40 kb gene, is not arranged in its own loop, but instead is part of a larger loop. The 5' 
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and 3' end probes from the Notch gene do not co-localize one on top of each other. It is 

therefore apparent that chromatin is organized in flexible loops, and these loop domains 

occur in different lengths ranging from 5 kb to possibly 100s of kb or even Mbps. 

Early studies using high-salt extracted nuclei from Drosophila tissue culture cells 

measured a 85 kb average loop size (Benyajati and Worcel., 1976). A 30-90 kb range was 

observed in histone-depleted, low-salt extracted metaphase chromosomes derived from 

HeLa cells (Paulson and Laemmli., 1977). Thus loops were hypothesized to range in size 

from 5 to 200 kb with an average size of 86 kb (Jackson et al., 1990; Mirkovitch et aL, 

1986; Mirkovitch et al., 1984). However, more recent studies using a statistical approach to 

study the large-scale geometry of individual human interphase chromosomes have 

demonstrated that interphase chromatin exhibits the random walk behavior typical of linear 

polymers (Liu and Sachs., 1997; Ostashevsky., 1998; Sachs et al., 1995; Yokata et al., 

1995). These studies postulate that on one level chromatin appears to be arranged in large 

loops several Mbps in size. Within each loop, chromatin is randomly folded. On the 

second level, specifrc loop-attachment sites are arranged to form a simple backbone-like 

structure, that also show characteristics of random walk behavior (Sachs et aL, 1995; 

Yokata et al., 1995). Thus it is conceivable to imagine that chromatin loop domains are 

flexible, such that they can unwind and open for transcription and DNA replication to 

occur. 

The loops are formed by intrastrand protein connections, linking sites that are 

several Mbps a part (Liu and Sachs., 1997; Yokata et aL, 1995). The loop attachment 

points are connected by as yet unidentified proteins. Yokata et al name the polymer-like 

path of loop attachment points "the backbone" (Yokata et al., 1995). Although flexible, the 

relative length of the chromatin and protein composition of the backbone are unknown. It is 

suggested that there are not one but multiple backbones (Liu and Sachs., 1997; Sachs et al., 

1995; Yokata et aL, 1995) and they may all be linked together within a condensed mitotic 
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chromosome. It is tempting to speculate that molecules such as topoisomerase II (Adachi 

et al.. 1991; Adachi et aL, 1989; Uemura et aL, 1987) and the recendy discovered 

condensation proteins (cohesins and condensins)(reviewed in Heck., 1997; Strunnikov., 

1998), which have similari^ to motor molecules, sit along the backbone during prophase 

condensation and reel in the loops to form condensed mitotic chromosomes. Consistent 

with the above postulation, the DNA in lambbrush chromosomes are organized into a 

series of distinct loop domains during interphase (Callan, 1986). The meiotically paired 

chromosomes in growing amphibian oocytes are highly active in RNA synthesis and they 

fonn unusually stiff and extended chromatin loops that are covered with newly transcribed 

RNA. Furthermore, detailed structural analysis of the Balbiani ring genes in the polytene 

larvel salivary glands of Chirononuts tentans also demonstrate that within each visible puff 

or expanded region of transcriptionally active chromatin, each gene forms a loop, similar to 

the lampbrush chromosomes (Ericsson et al 1989 and 1990 and Bjorkroth et al 1989). We 

present a loop-backbone organization model for interphase chromatin order within 

Drosophila nuclei, taking into consideration the observations of others which also explains 

our results. 

Model for interphase chromatin organization within the diploid nucleus 

Within the Rabl order, chromosomes are organized into loop domains. We propose 

that within the Drosophila interphase nucleus, higher order chromatin is organized into 

loop domains; a highly non random loop organization, pertiaps ranging in size from 5-

lOOs of kb. These loop domains might exist at the condensation level of the lOrun fiber 

form or even the extent of naked DNA. It should be noted here that the next level of 

compaction, the 30nm or more recendy the zig-zag or accordian-like structures observed 

by Woodcock and colleagues (Horowitz et al., 1994; Woodcock et aL, 1993; Woodcock et 

aL, 1995), would be possible when these loop domains are further "folded" during 
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condensation. Consistent with our observations, we suggest that during interphase 14 

chromatin vary in condensation between the naked, the lOnm and the zig-zag structures. 

We further postulate that loop domains that are centromere proximal are smaller in size, 5-

SCHcb, while those centromere distal are larger, often greater than lOOkb, consistent with the 

observation that the centromere proximal Histone gene cluster is arranged in a 5kb loop 

(Mirkovitch et aL, 1984), and the centromere distal Notch gene is part of a larger loop 

(Gunawardena et aL, 1999a). 

We illustrate (in fig 7B Gunawardena et al, 1999b) that each chromosome arm is 

arranged into five loops, based on the work of Marshall et al (Marshall et aL, 1996), who 

suggest that on average each chromosome arm consists of five attachment sites to the 

nuclear envelope. The loops are attached to each other by a backbone structure. The 

backbone is perhaps the scaffold or matrix consisting both chromatin and matrix associated 

proteins observed in histone-depleted metaphase chromosome preparations (Mirkovitch et 

al., 1988; Paulson and Laemmli., 1977). Mirkovitch et al have mapped specific DNA 

attachment sites for both the Hsp70 and the Histone gene cluster (Mirkovitch et al., 1984). 

These sites called matrix attachment regions (MARs) are DNA sequences that are defined 

by their ability to bind DNA (see Introduction). Although the functions of MARs in vivo 

are unknown, one commonly held view is that MARs anchor individual chromatin loops 

to a proteinaceous matrix or scaffold in both interphase (Gasser and LaemmlL, 1986; 

Mirkovitch et al., 1984; Strissel et aL, 1996) and mitotic chromosomes (Strick and 

Laemmli., 1995). Thus we suggest that the proteinaceous matrix or scaffold in both 

interphase and mitotic chromosomes is the backbone structure. 

During S phase, which lasts from 0-40 min in cycle 14, the forces generated by 

nuclear elongation combined with the unwinding of DNA for transcription, and the reeling 

of DNA through fixed replication complexes, cause de-arrangement of the orderly loop 

stracture. The chromosomal backbone may then undergoes a series of contractions. 
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starting distal of the center of the chromosome, possibly due to the "left over" effect of 

nuclear elongation forces. These contractions bring the loop origins 9-10 microns below 

the nuclear apex. The loops themselves can condense, bringing all the associated genes 

towards the interior of the embryo, consistent with our observation that genes near the loop 

origins are driven interior Hrst, followed by those genes near the middle of the loop. 

Eventually, active contraction of the proximal portion of the backbone brings all the loci 

back to their original Rabl order. Thus, as the proximal region of the backbone contracts, 

the larger telomere chromatin loop domains become stretched as they get "dragged" within 

the nucleus, in contrast to the centromere loop domains which contain short/smaller loops. 

Our observations in the mutant strain, containing a centromere-telomere inversion 

on the 3rd chromosome, further confirmed the difference in organization between the 

centromere-telomere loop domains (Gunawardena et aL, 1999b). We observe that the 

inversion peUe gene which now occupies a centromere proximal location on chromosome 

3, is still extended along the nuclear axis, while the inversion Hsp70 gene is not, suggesting 

that the telomere regions maybe arranged into larger loop domains than the centromere 

regions. Further, the hybridization signals from the inversion Hsp70 genes (centromere 

distal) are always compact, in contrast to the wild type Hsp70. The difference in inversion 

Hsp70 gene shape from that of wild type, might possibly result from the lack of Hsp70 

gene expression during interphase 14, since Hsp70 is one of the few exceptions of a truly 

silent gene in Drosophila. If this is the case then the reason that we observe shape changes 

in wild type Hsp70 during interphase 14 might be the result of forces that are generated by 

the combined effects of nuclear processes, that effect the centromere proximal regions 

more dramatically than the centromere distal regions, indicating a difference in loop 

domain organization. We can further understand this possibility by observing the behavior 

of the inversion rosy gene, an active gene located centromere distal on the inverted 

chromosome 3. If the lack of gene expression is the consequence of the inversion Hsp70 
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gene compaction, then we should observe the inversion rosy gene shape changing as the 

embryo ages consistent with the wild type rosy. If this is the case then this observation will 

strengthen our argument that gene movement is a consequence of combined global events 

that transpire within the interphase nucleus, and is not a single result of a direct nuclear 

fimction. 

Our chromatin order model can be further tested by characterizing particular 

chromatin regions within one chromosome. Within the loop-backbone organization, we 

postulate that different sized loops are arranged centromere proximal and distaL Small 

loops are present centromere proximal, while larger loops are observed centromere distal. 

To test this organization further we must characterize the approximate lengths of the 

centromere and telomere loop domains. To this end we can use probes at known distances 

along the length of the centromere proximal and distal regions, to understand the difference 

in organization of the loop domains more directly. The "Ace-Rosy walk" (32xl03 bps) 

which has been extensively studied, is an ideal region to start characterizing the centromere 

proximal loop organization (Bender et al 1993 and Mirkovitch et al., 1986). Previous work 

has postulated loop organization with putative MAR sites at this region (Mirkovitch et al., 

1986). Chromosome walking and jumping studies have isolated DNA from this region, 

from which we can obtain probes (Bender et al., 1983). Using the two colour hybridization 

technique, a systematic study could be done to observe and measure the distance separation 

between two probes. When two probes co-localize one on top of each other, a potential 

loop origin is identified. In this marmer, we will be able to direcdy observe and estimate the 

average loop length of this centromere proximal region. We can extend our studies to a 

telomere proximal tegion in a similar manner. 

It is essential that we identify the existence, and understand the characteristics of the 

backbone structure. To this end, we can use specific MAR-DNA probes for in situ 

hybridization in wild type nuclei, to identify the location, and to observe the behavior of the 
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postulated backbone. Since MARs have not been well characterized in Drosophila, we can 

use the constructs generated by Namciu. She generated several constructs linking MARs 

from the human apoB and alphal-antitrypsin loci to the ends of the miniwhite gene of 

Drosophila (Namciu et aL, 1998). She injected these constructs to make transgeneic lines 

that carried these MARs. We could use the miniwhite gene as a probe to observe the 

localization and characteristics of MAR sites in these transgenic lines using in situ 

hybridization. The rational is that MAR sequences are thought to bind to the matrix or 

scaffold or in our case the proteinous backbone. I propose that the MAR will define a loop 

origin, which in turn would identify the putative backbone. If this is the case, then these 

studies will not only identify the postulated backbone structure, but will also allude to the 

possible contractions the backbone might undergoes during cycle 14, since MARs will 

move with the backbone. These studies will not only enable us to understand the putative 

MAR sequence behavior within interphase nuclei (i.e. whether they move and the pattern 

of MAR-associated or backbone movement), but will also identify and characterize the 

behavior of the putative backbone more direcdy. It should be mentioned that the 

organization of chromatin within the transgenic lines may not necessarily depict the native 

order, since the native structure could be disrupted by the mutation. However, we can 

further observe the postulated backbone by characterizing the staining pattern in wild type 

embryos with topoisomerase n, cohesin, and/or condensin-antibody, since these proteins 

are postulated to bind to the matrix or backbone. It would be informative if a sensitive 

antibody-DNA hybridization protocol were to be developed to simultaneously observe 

chromatin (MAR DNA) and protein (Topo II) behavior at the backbone. 

What is the function of chromosome movement during interphase? 

Our results indicate that the loop organization is flexible such that it facilitates 

nuclear fimction during interphase, but is not a direct consequence of these processes. It is 
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conceivable that chromosomal movement might occur simply due to the localized 

condensation of chromatin, similar to what is seen in prophase. In Drosophila prophase 

condensation has been observed to begin at discrete points at the nuclear midline, and 

propagate in an orderly fashion to other regions of the nucleus (Hiraoka et al., 1989). 

Hiraoka et al (Hiraoka et al., 1989) demonstrated using a three-dimensional time-lapse 

fluorescence microscopy technique that chromosomal regions on the nuclear envelope, 

distinct fix)m the centromere and telomere, serve as foci for the decondensation and 

condensation of diploid chromosomes. The relative positions of the late decondensation 

sites at the beginning of interphase appear to correspond to the early condensation sites at 

the subsequent prophase. 

Furthermore, prophase condensation depends on the activity of cyclin dependent 

kineses, which phosphorylate histone HI (Matsumoto et al., 1980). Histone HI is required 

for the condensation of chromatin beyond the lOnm fiber (reviewed in Wolffe, 1998). 

Moreover, condensation might possibly be a consequence of topoisomerase n which has 

been shown to be necessary for mitotic chromosome compaction (Adachi et al., 1991; 

Uemura et aL, 1987). A number of recently discovered molecules that are involved in the 

condensation of chromatin fibers, such as the SMC family of proteins, in particular 

cohesins and condensins (reviewed in Heck, 1997; Strunnikov, 1998) may also play a role 

in setting the stage, so to speak, during interphase for prophase and metaphase 

condensation. Topoisomerase n and cohesin are found to be present in S phase cells, while 

condensin is involved in the compaction of chromatin loops by the introduction of 

supercoils during metaphase (reviewed in Strunnikov, 1998). We have never observed 

euchromatin condensation outside of prophase. Further loci that are close together such as 

Hsp70 and rosy move independendy of each other, thus only limited regions of the 

chromosome are likely to be condensed at any specific time. Thus, we suggest that 

interphase condensation could depend on modifications of the same system used during 
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prophase, to assure that condensation remains localized. 

We must also take into account the possibility that mechanisms of "differential 

interphase condensation", condensation that occurs not due to prophase, but rather by the 

result of other processes, such as the inactivation of genes by changes in chromatin 

structure, can contribute to the global consequence of chromosome movemenL As 

described in chapter 1, the binding of particular proteins, such as the heterochromatic 

protein HPl, the PcG proteins and the dosage compensation proteins, to chromatin result 

in adverse structural changes. These processes might lead to gene transposition, particularly 

during a developmental time when many of these processes are just beginning to be 

established. Thus, our results might not be the consequence of a single nuclear process per 

se, but rather the product of a number of nuclear process that together cause a global affect 

The process of nuclear elongation during cycle 14 appears to be unique to 

Drosophila. It is conceivable that the high mobility and directed movement of 

chromosomes is specific to this very special cell cycle. Cells can be shaped differendy 

throughout development in many organisms, but the nucleus appears to retain its shape 

whatever the cell shape might be, with the exception of cycle 14. We demonstrate that 

active nuclear elongation forces are not responsible for gene movement, but it is possible 

that passive forces derived from nuclear elongation could restilt in gene transposition. We 

argue against this possibility for several reasons. In wild type nuclei, genes continue 

migrating at rapid speeds even after nuclear elongation is complete (Gunawardena et al., 

1999b). In spherical sponge nuclei, the Notch gene is observed to migrate within the 

nucleus, contrary to its behavior in wild type nuclei, where this centromere distal gene does 

not migrate within the nucleus, instead it extends along the nuclear axis (Gunawardena et 

aL, 1999a). We find no direct correlation between Notch gene extension and nuclear shape 

within ^herical and elongated sponge nuclei, indicating that nuclear elongation has no 

direct effect on chromatin structure. Further, we observe a difference in the inversion 
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Hsp70 gene shape during cycle 14, contraiy to the wild type Hsp70 (Gunawardena et al., 

1999b). As the embryo ages in cycle 14, the wild type Hsp70 gene changes shape from 

being round and compact to diffused and extended, in contrast to the inversion HsplO 

gene, which appears to have a consistent shape, round and compact If nuclear elongation 

forces were affecting gene translocation, then they should affect both the wild type and 

inversion Hsp70 genes equally, regardless of where the gaie is positioned on the 

chromosome. We are confident therefore that nuclear elongation forces, neither direcdy or 

indirectly, actively or passively have any effect on chromatin changes during this cycle. 

Thus, some other mechanism must govern this novel phenomena. 

It is instructive to consider meiodc prophase, the only other developmental stage in 

which chromosomal movement has been observed. Homologous chromosomes begin to 

align before the formation of the synaptonemal complex, which is thought to lock paired 

homologous chromosomes together. In Drosophila "pairing sites" may bring 

homologous chromosomes together (Hawley et al., 1980 and reviewed in Hawley et al, 

1993), although homology between similar patterns of transcription may mediate two 

homologs to synapse (Cook., 1997). This hypothesis explains the promiscuous 

transcription observed in meiotic cells, and explains why crossing over occurs more 

frequentiy in highly expressed regions of the genome. 

Cycle 14 is very similar to meiotic cells, including the large amount of 

transcription, homolog pairing, the requirement of chromosomal remodeling, and now 

chromosome movement and extension. It is conceivable that cycle 14 gene movement is 

somehow related to homolog pairing, imprinting or some other developmental patterning 

of the chromosomes. Homolog pairing is incomplete in cycle 14 for genes so far examined 

(Hiraoka et al, 1993; Fung et al, 1998 and Gunawardena and Rykowski unpublished data). 

By comparing Notch gene movement in male and female embryos we conclude that the 

ability to pair has, a minimal effect on the amount of gene extension (Gunawardena et al.. 
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L999a). However, what we cannot exclude is the possibili^ that the movement is caused 

by the attempt made by homologous chromosomes to pair. In previous models for 

interphase structure, it is generally assumed that homologous chromosomes had similar 

structures because they were derived from an isometric expansion of chromosomes after 

telophase. Given that the positions of centromeres, telomeres, and nuclear envelope 

attachment sites are identical for both homologs, the position of homologous genes within 

the nucleus would naturally be very similar. In cycle 14, the rigid Rabl orientation breaks 

down as genes become widely distributed along the nuclear axis and as they elongate to 

variable extents as nuclear elongation proceeds. We postulate that the position of 

homologous sites would lie closer than would be expected based on random chance 

(Gunawardena et al., 1999b). The homologous copies of rosy, broad and Notch maintain a 

more similar spatial relationship than could be explained by random chance (P>0.01). The 

length of the Notch gene is also more similar between homologs than expected at random 

(P>0.01). This suggests that the chromosomes are aligned even though they are not paired. 

Thus, we are left with the possibility that chromosome movement at two very different 

times in development share a common purpose, and that each will provide insights into the 

other. 

The organization of chromosomes in the interphase nucleus is now becoming 

established and it is clear that specific gene colocalizations occur. Genetic experiments 

showed that homologous chromosomes can influence each other; phenomena that are 

collectively called trans-sensing effects (reviewed in Henikoff, 1997). The most extensively 

studied effect is transvection, the control of genes by regulatory sequences in trans, first 

described by Lewis (Lewis., 19S4) and investigated in detail for the Bithorax complex 

(BX-C) (CastelU-Gair et aL, 1990; Gemkow et al., 1998; Martinez-Laborda et al., 1992; 

Mathog., 1990; Micol and Garcia-Bellido., 1988). These studies postulate two models for 

transvection; by the direct interaction of the homologous chromosome elements and/or by 
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the transmission of a soluble macromolecule such as a short-lived RNA transcript from 

one homolog to the other. Conmion to both is the assumption that transvection (Spends on 

the physical proximi^ of the two homolog alleles. Recent studies conclude that the efQcacy 

of the trans-sensing effect is dependent upon the sensitivity of the phenotype to the 

transcription level of the gene in question and to the stability or affinity of the specific 

paired locus (Gemkow et aL, 1998). Thus transcription levels might mediate an attempt to 

pair, a "magnet-like force" that attracts homologs causing gene movement Whatever the 

mechanism, it is apparent that homolog pairing or the attempt to pair is the initial step, the 

possible key to the mystery. 

LaSalle and Laland demonstrated that homologous sites containing two imprinted 

loci, Prader-Willi/Angelman on chromosome 15, and H19 on chromosome 11 associate 

preferentially only during late S phase in normal human cells G-^Salle and Laland., 1996). 

In cells isolated from Prader-Willi and Angelman patients, in which both chromosome 15 

homologs are derived either maternally or paternally, the homologous sites are randomly 

distributed at all times in the cell cycle, indicating that association is crucial and has 

functional significance. Because the non-random homolog association is observed only in 

late S phase, it is likely to be of limited duration, and may also result from an active 

mechanism. Thus, it is crucial to understand the mechanisms of homolog pairing to further 

understand interphase chromosome movement and its functional significance. Meiosis I of 

Drosophila is an ideal system, since homologous chromosomes must align for proper 

segregation and recombination (reviewed in Hawley et al, 1993). Thus modifications of a 

similar system during meiosis could assure pairing during mitosis, providing a clue to a 

possible functional significance. With the advent of many recombination deficient 

mutations and potential pairing deficient mutations during meiosis I, the understanding of 

the mechanisms behind the initiation of pairing and pairing itself is becoming simplified. 

In conclusion we suggest that our ability to see more general chromosomal 
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mcvement at the mid-blastula transition is not that it is peculiar to this developmental stage, 

but that our system makes it easier to visualize. The small probe size (<10kb), the 

observation of single copy euchromatic genes, the large number of synchronized nuclei, the 

large number of genes in motion, and our ability to age the embryos accurately, allow us to 

discem more subtle changes than could have been noted in a more diverse population. 

Studies thus far have utilized large PI clones, repeat sequences and tandem repeat genes 

such as Histories as probes, all targeting larger areas on chromosomes, often 100 times 

larger than fragments used in this study. Thus, it is not surprising that we observe sensitive 

chromatin variations that are much more intricate. It is likely that high chromosomal 

mobility in early development and in later stages of differentiation is a general and 

necessary prerequisite to normal chromosomal patterning in all organisms. If so, we must 

investigate the extent to which gene movements are required for normal gene expression, 

and to what extent the failure to traverse critical periods of chromatin and nuclear 

development will prevent normal expression of transfected genes. 
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E. Notes on Techniques 

III. Summary and Future Directions 
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I. Introduction 

Partly as a result of improved reagents and optical equipment, there has 
been an increasing interest in nuclear substructure. From the localization of 
transcription machinery to understanding the mechanism of meiosis. it is neces
sary to look at the nucleus directly. New light microscopic techniques, including 
in vivo three-dimensional wide-field and confocal microscopy and sensitive in 
situ hybridization and immunoduorescence reagents are helping to map the 
nucleus both structurally and functionally. Once the poor relation in the cell 
biologist's family, the relatively small nuclei of Drosophila are now amenable 
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to the same kinds of analysis possible for larger mammalian cells using these 
powerful techniques. 

The purpose of this article is to present a procedure for two-color in situ 
hybridization to DNA in embryonic nuclei. This procedure, with the appropriate 
changes, should be valuable for hybridization to imaginal discs and cultured 
cells, although we have not attempted this. DNA in situ hybridization is best 
used in combination with immunofluorescence (see Chapters 21. 24. and 25) 
and RNA in situ hybridization (see Chapters 24. 30. and 31) to build a complete 
picture of the working nucleus. Moreover, because it is still a new technique, 
many more observations will be required to determine the maximum resolution 
of two-color interphase DNA in situ hybridization. In vivo observations (see 
Chapter 26) wherever possible, are also required to understand the temporal 
relationship between different states and to corroborate observations of fixed 
material. 

Before presenting the technique, we will present a short introduction to 
what is already known about diploid chromosome structure, and for this it is 
necessary to review what is known about the structure of polytene chromo
somes. 

A. Polytene Chromosomes, the First Interphase System 

The nuclei of early Drosophila embryos are diploid and undergo synchronous 
divisions until the I4th nuclear cycle, at which point they become cellularized 
(for review, see Ashbumer. 1989). Most cells undergo no more than two or 
three more divisions, the major exceptions being the cells that form the imaginal 
discs and the nervous system. The 10-fold increase in size that occurs over 
the 5-day course of larval life is accomplished by cell growth and genome 
amplification. There are two modes of genome amplification, polyploidy and 
polyteny: the bulk of the body mass of the emerging larva is polytene, including 
the gut, fat body, and salivary gland. 

In polyteny. the homologously paired interphase chromosomes are replicated 
but never separate or condense. Instead, round after round, the in^vidual 
chromatids remain associated, first as ribbon-like arrays (Ananiev and Barsky. 
1985) and then as cables, eventually containing up to 1000-2000 individual 
fibers (Hochstrasser and Sedat. 1987). With the exception of heterochromatin 
at the centromeres, telomeres, and a few other loci interspersed in euchromatin, 
polytene chromosomes are likely to compromise bundles of continuous fibers 
that contain the same chromatin structures as their diploid counterparts. 

Polytene chromosomes are typically used to help paint a picture of interphase 
chromatin, primarily through the observation of fixed, squashed material (see 
Chapters 19 and 20). However, the global, three-dimensional organization of 
polytene nuclei has also been examined in some detail using high-resolution 
optical microscopy and conventional physical sectioning. Using the obvious 
banding pattern of polytenes. it is possible to identify and localize specific 
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regions of the chromosome. As a result of this work, we know that polytene 
nuclei in the salivary glands and some other tissues show the classic Rabl 
orientation, with the chromocenier (the specialized centromeric region of poly-
tenes) diametrically opposed to the telomeres (Mathog et aL, 1984). In addition, 
the arms of the chromosomes coil in a right-handed sense from the chromocenter 
to the telomeres. Chromosome arms generally occupy separate radial segments 
of the nucleus, never crossing over or intertwining (but see following). The 
order of the chromosome arms is nonrandom. but is not strongly correlated 
between putative sister cells (Mathog and Sedat, 1989). Likewise, the orienta
tion of the chromosomes is not related to the axis of the tissue nor to the 
position of the lumen. Some chromosomal sites appear to associate at high 
frequency with the nuclear envelope (Hochstrasser et al., 1986); the association 
sites are conserved even in rearranged chromosomes (Mathog and Sedat, 1989). 

How many of these global characteristics are required for polytene function? 
Probably very few if any. In cells of the gut, which undergo extreme changes 
in shape during peristalsis, the order is lost to a great extent (Hochstrasser and 
Sedat. 1987). Chromosome arms tear free of their moorings at the chromocenter 
and nuclear envelope, appearing to float free in the nucleus. Moreover, the 
genome can be rearranged significantly, while manifesting defects easily ex
plained as local effects on genes lying near the chromosomal breakpoints. 
Changes in gene expression had no obvious effect on chromosome position 
(Hochstrasser and Sedat. 1986). These indications suggest that the global organi
zation of the more ordered polytene nuclei may be a vestige of previous diploid 
order and not a requirement for normal gene expression (Hochstrasser and 
Sedat. 1987). 

B. Oipioid Embryonic Chromosomes 

Polytene chromosomes are functional interphase chromosomes, but they are 
not ideal models for chromosomes of vertebrates, which are usually diploid or 
occasionally polyploid. To what extent do diploid nuclei reflect the global order 
of polytene nuclei? This question can be answered only by direct observations 
of diploid nuclei, the systems of choice being the nuclei of embryos and neuro
blasts (see Chapter 21). Until recently, this task has been limited by the inherent 
lack of resolution in diploid interphase nuclei. Light microscopy has obvious 
limitations, but even in electron micrographs, it has been difficult to follow 
individual chromosome flbers for very long and impossible to identify individual 
genes. Nevertheless, observation of anoxic nuclei (Foe and Aiberts, 1985) (in 
which chromosomes condense prematurely) and localization of centric hetero-
chromatin showed that diploid embryonic chromosomes have a Rabl orientation 
and that this orientation is regular with respect to the embryo axis, fllus means 
that a particular gene tends to lie in the same plane in adjacent nuclei (see Fig. 
2).l Chromosome-nuclear envelope attachment sites are transiently observed 
along the nuclear equator as chromosomes condense at mitosis (Hiraoka et 
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al.. 1989), but the chromosome morphology at this time is too diffuse to confirm 
that the associated sites in diploid are identical to the ones in polytenes. 
Homolog pairing in diploids has been inferred (Metz. 1916; Hilliker. 1986) and 
recently observed directly (Hiraoka et al.. 1993). Based on these observations, 
it seems safe to conclude that polytene and diploid nuclei are constructed in 
much the same way, their differences reflecting the consequences of a few 
changes in the regulation of cell cycle events in the two types of cells. 

There are questions about diploid chromosomes that cannot be approached 
by looicing at polytenes. especially with respect to early development and 
meiosis. Techniques are needed to identify specific DNA sequences among 
the tangle of fibers left after chromosomes decondense after mitosis. Such a 
technique is presented here. This procedure is based on published work (Hira
oka et al.. 1^3); similar techniques have been presented for mammalian cells 
(Johnson et al.. 1991) and Drosophila RNA (Chapter 30). 

II- Two-Color Fluorescence in Situ Hybridization to 
Single-Copy DNA Sequences in Diploid Nuclei 

In assembling this procedure, we have assumed very little in terms of experi
ence with embryo preparation or molecular techniques. Unless noted, proce
dures for making solutions can be found in Sambrook et al. (1989). At the risk 
of being tiresome, we have tried to be as explicit as possible about how we 
actually do the preparation as a reasonable starting point for others. There is 
no implication that we have exhaustively optimized at every step. The known 
pitfalls are noted under Section E. but the list may be incomplete. 

A. Nick-Translacion of Probe DNA 

1. Equipment and Apparatus 

G50 Sephadex spin columns 
Clinical centrifuge 
Radiation monitor 
Microcentrifuge tubes 

2. Procedure (enough tor one hybridization in one color): 

1. The labeling reaction for 1 ^g plasmid. phage, or fragment DNA (Table 
I) is carried out for 60 min at 25°C. 

2. Purify the labeled DN.\ and remove unincorporated nucleotides by spin
ning through a G50 Sephadex-spun column (Sambrook et al.. 1989). The 
incorporation should be around 30-50%. judged by counting radiation 
from the column and the eluate with a hand-held meter. 
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Table I 
Nick-Translation Reaction 

Sofuuons .<\dd volume 

10 X nick-aanslatioa buffer 2-5 >il 
.•\CG mix 2.5 fU 
1:400 dilution ONasel* 1.5 All 
DNA polymerase! 1 
1:10 dilution [^PldATP I 
DN.\ 1 
Bioan-t6-dUTP 0.6 ftl 

or or 
Dig mix 
Vlilli-Q water to 25 

' 1: -MX) dilutioR of ONase into I x DNase dilu
tion buffer is made Che day of experiment and stored 
on ice until used. 

3. Precipitate the labeled DNA by adding 20 ptg of herring testis carrier DNA. 
1/10 vol 3M sodium acetate, and 2.5 vol absolute ethanol. Incubate 20 
min in a dry ice/ethanol bath. Spin at 4°C for 10 min at 14.000 rpm. Wash 
in 70% ethanol and air dry. Resuspend in 10 /jd hybridization buffer. Mix 
digoxigenin- and biotin-labeled probes for two-color hybridization. 

4. To determine the single-strand length of the labeled probe, run on a dena
turing polyacrylamide gel (Sambrook et al., 1989). transfer electrophoreti-
cally to nylon membrane (Sambrook et al.. 1989). and visualize using 
either avidin or anti-digoxigenin linked to alkaline phosphatase (Boeh-
ringer Mannheim) using manufacturer's instructions. The single-strand 
length should be 75-150 bp. 

B. Collection and Ftxadon of Embryos 

I. Equipment Needed in Preparation Area (see Tables III and IV for recipes) 

Clean fine paint brush (2 inch) 
Detergent saline in 1-liter squeeze bottle, aerated 
Glass baking dish 8x8 inch or equivalent 
200 ml household bleach and 200 ml I x Buffer A, aerated, in a 500-ml beaker 
40-mesh (to retain dead flies) and 20-mesh (to catch eggs) stainless steel sieves 

("Cellector" from Bellco Biotechnology. Vineland NJ) 
500-ml beaker with detergent saline, aerated 
10 ml heptane/10 ml 1 x buffer A with 4% formaldehyde in a screw-capped 

glass test tube (KIMAX 16 x 125 mm) 
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Stopwatch 
Powdered dry ice 
10 tnl heptane. 10 ml methanol in a screw-capped glass test tube (KIMAX 

16 X 125 mm), cooled to -70®C 
5-7 ml of methanol in a screw-capped small glass test tube (KIMAX 13 x 

100 mm) for embryo storage 
Platform shaker (New Brunswick. Edison. NJ) 
Water bath at 37°C 

Table n 
Stock Solutions for Nick-Translation 

Stock solution 
Stock 

concentration 
Final 

concentration Volume 

10 X aick-cnmsiation bufiier* 
Tris. pH 7.6 1 S4 0.5 m.W 7.5 ml 
.MgSO. 1 W O.I M 1.5 ml 
dithiothreitol 1 -vr 1 mM 15 fd 
bovine serum aibutnm 10 mg/ml I mg/ml 7.5 id 
Milli-Q water 5.9 ml 

10 X ONase dilution buffer* 
Tns. pH T.5 I .Vf 10 mM 0.1 ml 
MgCU I .Vf 10 mM 0.1 ml 
Milli-Q water 9.8 mi 

ACC mix*" 
dATP 100 m.Vf 0.3 m.Vf 30^1 
dCTP too mM 0.3 m.W 30^1 
dCTP 100 m.Vf 0.3 mM 30^ 
.V(illi-Q water 910 Ml 

dTTP-
dTTP 100 mM 1 mM I (d 
Milli-Q water 99 Ml 

["PIdATP 
(^PldATP (DuPont. Boston. MA) 10 ^LC'U ml 1 ;iCi/ml 1 fd 
MUli-Q water 9 fd 

Dig mix 
Oigoxigenin-11 -dUTP I mM 0.49 mM 25 fd 
dTTP I mM 0.26 mM 12.5 MI 
Milli-Q water 12.5 Ml 

Other stocks 
Biotin-t6-dUTP I mM 
DNase [ (Worthington. DPFF grade) I mg/ml 
DNA polymerase I (New England Biolabs. 10 U/tnl 

Beverly. MA) 

Sate. 100 aiM dN if solutioos (already neutralized) were from Pharmacia LKB Siotechnalogy. 
Piscaiaway NJ. Bovine serum albumin. Biotin-l6HlUTP. and digoxigenm-I I-dUTP were from 
Boehnnger .Vfannhiem Biochemicais. [ndianapolis. IN. 

* Stock solutions were stored u - 20*C in aliquou. 
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Table m 
Preparations for Embryo Collection 

Add/finai volume 

Feeding plates 
Agar 88 gm 
Molasses mi 

water 2.5 liter 
Autoclave for 30 min. cimI to 5QX and add 20 ml 
ethyl acetate. Pour food into shallow 6 x 8.5-iiich 
styrofoam meat plates or equivalent and leave to 
set. 
Yeast paste 

•Active dry yeast -1/3 
Water -2/3 

Mix until paste forms a consistency of creamy 
peanut butter. 

2. Procedure: 

Steps 3 through 6 should not exceed 6—7 min. If these steps take longer, the 
embryo morphology will suffer. 

1. Harvest embryos from a population case (see Chapter 10) fed with molas
ses medium (see Table II for recipe). Before collection, prefeed the popula
tion cage using two feeding plates and generously spread with yeast paste 
for 90 min to encourage flies to lay eggs that they have been holding. 

2. Collect eggs on three feeding plates with a thin spread of yeast paste, for 
60—80 min and age for 20-30 min (depending on temperature) to ensure 
embryos are in cycles 10-14. 

3. Wash the eggs into the glass dish with aerated detergent saline and collect 
them using the two sieves, the coarse sieve inside the fine one (Fig. lA). 

4. Put embryos into 50% bleach in I x buffer A for 90 sec to dechorionate, 
stirring constantly to keep embryos from sinking to the bottom. Collect 
in the fine sieve (Fig. IB). 

5. Rinse embryos with a stream of detergent saline until all smell of bleach 
is gone. 

6. Rinse the embryos to the comer of the sieve (EHg. IC) using a small amount 
of the heptane phase of the fixation medium. Transfer them to the two 
phase permeabiUzation and fixation medium using a Pasteur pipet avoiding 
the aqueous phase. Detergent from this phase will degrade morphology. 

7. Shake embryos vigorously (350 rpm) in the fixation medium in a horizontal 
position at room temperature for 15-20 min. 

8. Using a Pasteur pipet. remove embryos to the tube containing heptane/ 
methanol cooled to — 70®C with dry ice. 



93 

400 Shermali Gunawardena and Mary Rykowski 

Table IV 
Solutions for Fixadon of Embryos 

Stocic Final AddyRnal 
concentration concentration volume 

Detergent saline' 
Triton X-IOO 0.05% I ml 
NaCl 0.:"^ 14 g 
•Vlilli-Q water 2 liters 

10 X buffer A" 
Pipes 150 mM 22.68 g 
KCI 800 mM 29.82 g 
Naa ;00 mM 5.85 g 

Add 400 mi MilU-Q water. pH to 6.8.'' using 10 \ NaOH 
Milli-Q water to 500 ml 

.\utociave 
40% fresh fonnaldehyde^ 

Paraformaldehyde (Poiysciences. Warrington. PA) 1 g 
Milli-Q water to 2.5 oil 
SaOH (freshly made) 10 N 3.5 (xl 

Boil to dissolve, cool, and filter through 0.2 Naigene filter 
Two-phase penneabilizauon and fixation medium-* 

10 X buffer A* 1 X 1 ml 
E(3TA. pH 7 250 mM 0.5 m.Vf 20 
EDTA. pH 7 250 m.W 2 mM SO^ 
Spermidine 0.5 .Vf 0.5 mM 10 Ml 
Spermine 0.5 .Vf 0.2 m.W 4.0 Ml 
2-mercaptoethanol 14.5 .Vf 0.1% 10.5 Ml 
Fresh formaldehyde 40% 4% 1 ml 
Milli-Q water 7.88 ml 
Heptane 10 ml 

X buffer A'' 
10 X buffer A* 1 X 40 ml 
EGTA. pH 7 250 mM 0.5 mM 40.8 ml 
EDTA. pH 7 250 mM 2 mM 3.2 ml 
Spermidine 0.5 M 0.5 mM 0.4 ml 
Spermine 0.5 M 0.2 mM 160 Ml 
2-mercaptoethanol 14 J M 0.1% 420 Ml 
Mnii-Q water 315 ml 

0% buffer A/50% bleach'' 
Household bleach 5% NaQO 200 ml 
I X buffer A 200 ml 

' Solutions cliat can b« stored at room cemperanire. 
' Solutions ciiat are stored at 4*C. 
'' Use 1 X buffer pH 7.2 for mounting when using fluoroscem for visualization. 
'' Solutions freshly made on the day of prep. 
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Adults and defins 

Fig. I Einbf70 fixation procedure. See cexi for explanation. 

9. Pack the tube in powdered dry ice and shake at 350 rpm in a horizontal 
position for 10 tnin. 

10. Quickly transfer test lube to the 3TC water bath and shake vigorously 
for 30 sec until almost all of the devitellinized embryos sink to the metha
nol phase. 

! i. Transfer the devitellinized embryos to the tube containing methanol and 
step through a senes (5:0. 4:1. 3 :2, 2:3. 1:4. 0:5) of methanol/buffer 
A washes (about 5 min at room temperature) into 1 x buffer A. 

12. Freshly prepared embryos are stained with 0.1 #tg/ml DAPI in I x buffer 
A to assess chromosome morphology and then used for DNA-DNA in 
situ hybridization. 
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C. In Situ Hybridization to Whole-Mount Embryos 

I. Equipment and Apparatus (see Table V tor recipes) 

6 X 50 mm glass culture tubes (ICimax) 
E^teur pipets 
Parafilm 
Rotator for washes 
Heating block at 70"C 
Hot water bath 
Ice bucket 
Incubator at 37°C 

2. Procedure: 

1. Rinse (on rotator) freshly fixed embryos three times with 1 x PBT for 10 
min each. 

2. Remove as much PBT as possible using a pulled Pasteur pipet. Treat the 
embryos with 100 ftl RNase A solution for 15 min. 

Table V 
Soludons and BafTers for in Situ Hybridization 

Steele Final Add/final 
Soludon concentmion conceniraiioa votume 

10 X PBS and PBT* 
Naa 0.13 .V 37.9 g 
NarHPO, 7 mM 9.34 g 
NaH^PO* 3 atM 2.1 g 

water 500 mi 
Autoclave 

For 10 X PBT add 
Siii£kct-Aiiip 20 (Pierce. Rockford. ID 10% 0.1% 

Hybridization buff^ 
Formamide (distiUed) 100% 20% 5 ml 
Herring testis DNA S mg/ml 100 /ig/ml 0.2 ml 
Sur&ct-Amp 20 10% 0.1% 0.1 ml 
SSC 20x 4x 2 (nl 
MiHi-Q water 2.7 ml 

RNase A solution* 
RNase A*-' (DNase free) 20 mg/ml 10 oig/ml SO fil 
PBT (diluted from 10 x above) 2 x I x 50 ^ 

I x buffer A* (Table 4) 
40% formaldehyde (Table 4) 

' Solutions that can be made and stored. 
* Solutions made on the day of experiment. 
' RNase A (Boehringer Mannhiem Biochemicals. Indianapolis. IN). Boil as per Sam-

brook et al. (1989). 
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3. Rinse embryos again in 1 x PBT three times for 10 min each. 
4. Remove as much PBT as possible using a pulled Pasteur pipet. 
5. Add 50% hybridization buffer/50% I x PBT; incubate 10 min. 
6. Add 100% hybridization buffer for I hr at 3TC. 
1. Denature embryo chromosomes by heating to 70°C for 15 min and chill 

immediately. 
8. Denature DNA probes just before use by boiling in a hot water bath for 

5 min and chill immediately in ice water. 
9. Remove as much buffer from the embryos as possible, add 20 ^1 of dena

tured DNA probes to embryos, add heavy mineral oil to fill the tube, 
cover with E>arafilm. and incubate on a tube rotator at YTC for 24 to 36 
hr. 

10. After hybridization, remove oil layer and add 1/3 vol I x PBT. incubate 
10 min at 3T'C. and remove as much as possible: repeat five times. Wash 
five times in 1 x PBT for 10 min at room temperature. 

D. Visualization of Hybridization Signals 

1. Procedure: 

All incubations and washes are done using a tube rotator. 

1. Hybridization signals are detected by incubating embryos at room temper
ature for 1 hr in anti-digoxigenin FITC and Avidin-Texas Red (Boehringer 
Mannheim) diluted to the appropriate dilutions. Generally, we find that 
dilutions of I/IOOO to 1/10.000 are optimal. 
Wash embryos again three times 10 min each and postfix with 4% formalde
hyde in PBT for 10 min. 
Rinse again in 1 x PBT twice for 10 min. 
The embryos are mounted in 1 x buffer A containing 0.1 /ig/ml DAPI and 
observed on a fluorescent microscope using a 40x. 1.3 NA lens as de
scribed (Rykowski, 1991). An image of the hybridization is shown in Fig. 
2. Notice that signals are seen in a narrow band along the embryo axis. 
This is because the gene is localized at a constant distance below the 
embryo surface. The curvature of the embryo and depth of focus of the 
lens allow only a small portion of the signals to be seen at one time. Note 
that in this and subsequent figures, the images are flat-field corrected but 
are not deconvolved and are not confocai images. Thus, the images are 
presented as they would loo!; in any fluorescent microscope. 

E. Notes on Techniques 

To obtain enough embryos to hybridize efficiently and with a minimum of 
fi.xation artifact, it is preferable to use mass isolation procedures. For this 
reason, it is easiest to obtain staged embryos from population cages. Of course. 

2-

3. 
4. 
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it is sometimes necessary to use smaller amounts, as when examining mutants, 
but reducing the scale will increase the extent or loss of embryos in rins
ing steps. Less than 300-500 pti of eggs will be inconvenient using the pro
cedures described. Hand dechorionation and deviteilinization can be used 
(Ashbumer. 1989). but may be impractical to produce sufficient numbers to 
be used in in situ hybridization as described. Single embryo procedures us
ing specially designed vessels for rinsing and incubations should also be pos
sible. 

The most important consideration in the preparation is the elimination of 
fixation artifacts, which significantly alter the native structure of the chromo
some. The most important source of fixation artifact is anoxia (Foe and Alberts, 
1985), in which nuclei swell and DNA condenses abnormally. Examples of 
such preparations are shown in Rg. 3 and in Foe and Alberts (1985). To avoid 
this artifact, work quickly and aerate all solutions on the day of the preparation. 

Another source of artifacts is incorrect concentrations of salts, detergents 
or solvents, and soapy glassware. These are manifest by obvious problems 
with morphology in mitotic figures. Normal mitotic chromosomes are shown 
in Fig. 4 and can also be seen in Hiraoka et al. (1989. 1990. 1993). They 
compare favorably with in vivo recorded mitotic figures (Hiraoka et al.. 1990). 
Abnormal chromosomes, most obvious with anaphase, look stringy, misshapen, 
and kinked: anaphases are often separated into several clumps along the mitotic 
axis. A common problem is that detergent solution is transferred with the 
embryos from the last rinse into the fixative. This should be avoided, and if a 
small amount of aqueous phase is taken up. it is better to sacrifice a few embryos 
than to transfer detergent. 

Another potential source of artifact is hybridization to RNA rather than 
to DNA. Controls should be done in every preparation to demonstrate that 
hybridization requires denaturation of the embryonic chromosomes and that 
hybridization is DNase sensitive using RNase-fi^ee DNase. Also, yolk cells, 
pole cells, and mitotic figures should all hybridize if the hybridization is to 
DNA and not to EINA. 

We find that denaturation at higher temperatures can slightly increase signal 
intensity, but only at the expense of chromosome morphology. In our hands, 
nuclear morphology aiter hybridization is indistinguishable firom that immedi
ately after fixation. 

Fig. 2 Hybridization of a 7.8-lcb singie-copy ONA fragment to a cycle 14 interphase embryo. 
The probe is labeled with biotin-l6-dUTP and the hybridization signal is visualized with avi-
din-Texas Red. A single, widc-field optical section bisects the embryo through a plane containing 
the hybridization signals. Notice that the curvature of the embryo allows only the topmost signals 
CO be in focus. This and subsequent images were obtained using a 40 x . 1.3 N A lens and a charge-
coupled device (CCDl camera (Photometricsl. Other than flat-field correction, the are 
unprocessed. An enlargement of the top photo is shown below. 
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Fig. 4 A montage of normal nuclei. Qockwise from upper left: cycle 12 metaphase. cycle 13 
anaphase, cycle 13 telophase, cycle I-t interphase. Notice that the mitotic figures are compact and 
that the density gradients along the chromosome arms are smooth: the mitoses are synchronous. 
The interphase nuclei are. save the spots of heterochromatin near the embryo surftice. uniform in 
density. and at the same depth wichin the embryo. There are no patches of missing nuclei or other 
abnormalities. 

Fig. 3 Anoxic nucio!. A cycie I.' cmbr.o vv;is rtxed as except that :h<: embryo \*as 
JopnveU ot'o\yc»;n. Notice the clumpy uppcanino;: ot DN.\ and the enlarged nuclei. .A portion 
ol the top photo i.% enlarged helou 
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= m. Summary and Future Directions 

Using this two-color in situ hybridization protocol, we can resolve two signals 
using a tninimum probe size of 7.8 kb. which are separated from each other by 
15 kb. We would be unable to resolve these signals if they were the same 
color. Shorter probes have been used in mammalian cells (Xing et al.. 1993). 
Presumably, this problem will be solved with subtle improvements in technique, 
and perhaps, by sacrificing preservation to some extent. The question now is. 
what is the protocol good for? The results of the hybridization are clear enough 
and what we see is at least consistent with what we expect. The signal is in a 
position in the nucleus indicative of its position on the chromosome and there 
are one or two signals in each nucleus. When two probes that lie near each 
other on the molecular map are chosen, they appear close together in the 
nucleus. However, interpretation of all DNA in situ hybridization techniques 
poses several problems. The first is that conditions used to denature nucleic 
acids might alter cellular structures, so material must be fixed. Fixation artifacts 
may be undetected until a large number of data are produced and may be subtly 
different in different stages of the cell cycle as the level of DNA modification 
and the complement of associated proteins changes. It would be ideal to find 
a procedure that allows visualization to DNA that does not require denaturation 
or fixation. Simultaneous visualization of RNA and DNA has been achieved 
by others (Xing er al . .  1993).  but we have yet to attempt it .  
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'Chromosomai puffing' in diploid nuclei of Drosophila melanogaster 

Shennalf Gunawantena, Elizabeth Heddle and Mary C. Rykowaid* 

Oepannwnts of Cad Biology and Anatomy, and Molecular and Cellular Biology, and The Graduate Committee on Genencs. 
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SUMMARY 

In sitn hybridization has become a powerful tedinique for 
dissccting nudcar structnre. By localizing nucleic adds 
with high prcdsioo. it is possibie to infer the native 
stmctore of dutMnasomes, replication factories and tran
script processing conptezes. To increase the value of tliis 
tedinique. we have cstabGsiied the limits of resolution of 
two-color in situ hybridization to chromosomai DNA in 
diploid dmmosomes of Drosophila embryom'c nudeL 
Using higb>resolution 3-diniensional optical microscopy 
and computatiooal image analysis, we establish that we can 
dtstingimh the location of chromosomal sequences that lie 
27-29 kb apart within a 40 kb transcription unit with an 
acctiracy of about 100 am. Contrary to observations made 

in mannwaltan tissue culture r>ll«- we find that when the 
gene is expressed, it assumes an open configuration, and 
that the extent of decondensation is variable from chro
mosome to chromosome. Further experiments suggest that 
variation in gene structnre results from asynchrony In 
transcriptional dongation. We suggest that the phenom
enon we observe is the diploid analog to chroniosomal 
puffing that occurs in the transcriptionally active regions 
of Drosophila polytene chnMnosomes. 

Key words: duomatm. inierpliase. in sini hybndi^anon. image 
inalysis. compiitannnal opacal aucroscopy 

INTROOUCnON 

Chromosomes ore biological information storage and retrieval 
systems whose structure is intunately entwined with Amction. 
To accotnmodate replication and transcriptian. the chrotnoso-
mai DNA is spread over a large volume and exposed to 
proteins in the nucleoplasm. Then, during the short period of 
(lutonc prophase, the chromosomes can condense more than 
250 times and separate deanly from each other (Eamshaw. 
1988). One of the open questions about chromosome stnicture 
is how active interphase chromatin is organized to bcilitate 
both (he teffuirements of interphase fimctions and the orderly 
condensation that occurs in mitosis. 

One attractive idea, for which there is a great deal of 
evidence, is that the chromosome is organized into large 
domains, or loops, anchored to the nucleoskeleton or *nuclear 
matnx'. The loops are composed of the 10 and 30 am 
chromatin fibers, and are thought to be of the order of 50-200 
kb in length (reviewed by Wolffe. 1992). There are at least 
two loop-type models for chromosome organization I Bodnar. 
1988): a significant difference between them is whether chro
mosomes are ordered through stable intra-chromosomal asso
ciations denved from metaphase loop structures I Boy de la 
Tour and Laemmli. 1988: Gasser and Loemmli. 1987: 
Laemmli et al.. 1992: Mirlcoviich et al.. 1988: Saitoh and 
Laemmli. 1944). or whether the loops result from dynamic, 
functional interactions with nucleoskeletal components 
iCerdes et al.. 1994: Hozalc et al.. 1993: iaclcsan and Cook. 
1993). L'p till now. in jitu hybridization techniques have 

failed to reveal loops, or any other substnicture. in intact 
interphase nuclei (Trask et aL. 1989: Lawretice et aL. 1990). 
As a result, mote indirect methods, using exploded nuclear 
'holos' (Mirkovitch et al.. 1984: Cerdes et aL. 1994) and bio
chemical probes (see. for example. Jackson et al.. 1990) are 
usually usetL As an alternative, we have developed a 
procedure that combines the techniques of in situ hybridiz
ation and high-resolution image analysis with the unique 
propemes of Drosophila blastoderm embryos to determine 
the location of sequences in intact diploid nuclei with 
unprecetlented spatial resolution. 

We chose to examine the Notch gene, whose protein product 
is a truismembrane glycoprotein required throughout d^elop-
ment in a variety of ossues (Fonim and Artavanis-Tsakonis. 
1993) and which is expressed uniformly in all somatic cells of 
the cycle 14 embryo (Hartley et al.. 1987). Notch is located 
near the telomere on the X chromosome, allowing us to 
observe a single copy in males or two copies in females (some 
of which are paired) (Hiraoka et al~ 1993). The transcribed 
portion of the Notch gene is about 40 kb (see Bg. I). large 
enough to resolve using in situ hyimdization methods, but 
small enough to be contained in a relauvely compact domain 
in the nucleus. The gene has been cloned and large portions 
sequenced, providing us wiih accurate mtbrmauon about the 
funcnon of and distance between our hybndizauon probes. 
Furthermore, the tine itructuie of the Natch gene in salivary 
gland polytene chromosomes has been previously determined 
iRykowski « al.. 1988). Since Notch is not ctptCNsed in 
salivary glands, we can compare (he geometries ot (he gene in 
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Fig. L A map of (be f/atch gene showing tbe locanoos of piofaes 
used for wtaoieHOOum in snu hybndizaiiaas. The extent of (be 
nnsciipdon unit is inriiratrri by tbe long mow. Exoos are shaded. 
The center to center divanrrs between the 5' and 3' pcobes are 
indiratfd 

tile active state in the embryo and of tbe same gene In tbe 
inactive siaie. 

In our model system of choice, the nuclei of wbole-tnounc 
late syncytial blastoderm Drosophila embryos. lOOCMOOO 
morphologically identical nuclei lie in a sheet just beneath the 
embryo sui&ce (see Foe et aL. 1993. for tevtew). Moreover, 
chromosomes are highly atdeied within embryonic nuclei: the 
centromeres and telomeres are located on opposite entls of the 
the nucleus with centromeres toward the soiface (Rabl orien
tation) (Foe and Albens. 1985). This means that a partictilar 
gene locus will lie at the same distance below the embryo 
surface in all the nuclei. As tmportandy. tbe mitotic cycles of 
embryonic nuclei are almost completely syncluonous tem the 
second through the I3ch nuclear division. The synchitmy 
controls for variability caused by cell cycle-dependent differ
ences in gene stnictuie. while the regularity and large numbers 
of nuclei allow us to use statisrical inMhods to accurately 
determine the relative positions of hybridization signals 
imaged using different fluorescence filter sets. We reasoned 
that, by examining Notch simultaneously in a large number of 
aomin^y identical cells, we ctHild determine directly tbe 3-
dimensional structure of a gene as it is exptessed. thereby 
inferring some properties of the chromatin in which it is 
containetl. 

Our results demonstrate that probes that should colocalize 
do so to within about 1(X) nm. Using this technique, we find 
that hybridization signals Gram the 5' and 3' ends of tbe AfotcA 
gene do not colocalize. Rather, tbe distance between the two 
probes we used varies and tepresents a range of condensation 
levels from a compact 30 nm fiber to an open 'beads on a 
string' atiangement. The extent of elongation is at least as 
much as would be predicted, based on results from studies with 
polytene chromosomes (Lamb and Daneholt. 1979). We 
propose that gene elongation can be explained by a combina
tion of decondensation nnyd by gene transcriptiotu ONA 
replication and nuclear elongation, which take place at the 
same ume. 

MATERIALS AND METHODS 

Embryo praparalion 
Oregon-R embryos ate collected from populaoon cages and aged lo 
yield cycle lO-l^ blastoderm embryov Embryos ate lixed. hybridized 
and inounied as previously described i Cunawaidena and Rykowskj. 

1994; Rykowski. 1991). Bnefly. (Iregoa R embryos aie coOectEd 
from a popuianon cage for one taxir and aged for 30 minutes to obcam 
embrvos in cycle 14. The embryos are mass decfaocronaied m S0% 
bleach. S0% Buffer A (IS mM PIPES. pH 6.8. 80 mM KCl. 2) mM 
NaCl. OJ mM ECTTA. pH 7. 2 mM EDTA. pH 7. 0 J mM spetnn-
'Wny 0.2 mM spemine. 0.1% 2-meTrapfnrrtnnnl). fixed m a two-
pbase of 4% fotmaldeiiyde ui Buffer A and heptane in equal 
volumes. Tbe embryos ate devitellimzed by mcnhannn in 30% 
iiiedianol/SO% bepcane (v/v) at -70'C followed by a lempeianite 
shock at 37*C for 30 seconds. The embryos aie lemoved fiom the 
medianol pbase and stepped mm Buffer A. The embryos are used 
unmrdiatrty for bybtidizaooiL 

The fixanon pnceduic lesults in ptepaiatiaos dot roam excellent 
anngenidry and stmctural imegnty (Mitcbison and Sedat. 1983). 
Comparisons between live embryos and embryos fixed using tbis 
procedure have shown no apparent (fifference in cbromosome 
smcture tesulting 6om pteservaiiao techniques ({fitaoka et aL. 1989. 
1990). Before bybridiTannn every embryo prepatancm is evaluated 
according to tbe ciiteiia listed by Gunawardena and Rykowski (1994). 
to assnte that the chromatin mocpbology is well preserved. 

In situ hybridization to ONA and RNA 
Probes ate prepated by nick translation with biotm- 16-dUTP or digox-
igenm-n.d(nT (Boebringer-^itamiiieim) to generate single.stiand 
lengths averaging 7S-1S0 bases. Emiityos ate piepated for hybridiz-
ation by incubaaon with RNase A (1 mg/ml. Baehiinger-Maniibeim) 
m PBT (0.13 M NaO. 7 mM NazHPO*. 3 mM NaHiPO.. 0.1% 
Tween-20 (Sur&ct-Amp 2(}"'. Pierce. Rockfbrd. IL) for 10 mimifri 
Tbe embryos ate siep^ into hybridizaiion bufCcr (S0% distilled 
fonnamide (Onnisolve. EM Science). 100 (ig/mi betiing testes ONA. 
0.1% Sut&ct-Amp 20^. 4x SSO and prrmnihared at 37^ for I 
hour. The embryos are heated to 70*C to denature die dBomosomes. 
and dien incubated in ftesh bybndizanon buffer containing 10 |ig/ml 
of each ptobe DNA which had been previously denamted. Alter 
bybiidtzaiion at 37°C for 24 to 36 hows, tiie eaiirfas are stepped in 
PBT. The embryos ate incubated with a combination of FTFC-labeled 
anti-digoxigemn and Texas Red-labelled avidin or rhodanune-
labHIrd atm-digoxigenin (all from Boehtmger-Mannhrim). After 
rmsing. (be embryos ate caunieisiained with 4'-6-diamidine-2-
phenylindole dibydrodilonde (DAPL 0.1 |lg/mD in Buffer A. The 
embryos ate nmintrd in Buffer A (made at pH 7.2) and observed. 
ZETO^jtstance data sets were made by hybtitfizing labelled DNA fiom 
a single tocanon (P9.9 or H8.8. lespeoiveiy). while the 29 kb data set 
was made by hybridizing both tbe P9.9 and the H8.8 probes. 

Hybridizaiion to RNA is done accotding to pnblishrd procettures 
(Tautz and Pfeifle. 1989). using probes (H7.8 and H8.8) and embryos 
are piepiied as above. Since the MoccA gene is transciibed in eyde 
14 (Hartley et aL. 1987. and see below), it is unponant to disiingutsh 
hybridization to chiomosomal DNA fiom hybricfizMiaa to mRNA 
nanscnpts. When hyfatidiziiig to duomusomal ONA. tile signals we 
observe are resistaiu to RNase ttealment and ilepriMlrnt oo denaniia-
tion of embryonic ctnomosomes. Hybtidizatioa signals are seen in 
eariy cycles and in mitosis, when nansctipis are likeiy to abott 
(Shermoen and O'FatreU. 1991). Germ cells appatendy do not tran
scribe die Notch gene (S. Gunawardena. unpabiisbed). yet we have 
observed hybridizanon in germ cells. On (he other hand, when 
hybndizmg to RNA. we find that the signal is sensiove to RNase. does 
not tequiie denatutation and disappean at imtosis (S. Gunawardena. 
unpublished). Tbus we ctxiclude (bat we can distinguish between 
DNA and RNA hybridization. 

Imaga act̂ uiaitian 
(mage daa ate recorded m three coiors and duee dimensions using a 
computational opucai microscope to lecord separately ibe posiaons 
of tbe r and 3' hybtidizatioa ptobes and die midei as revisiied by 
OAPI. The images are subsequently processed (see betowi and 
analyzed (o determine the posiuons oi die hybndizauon signals in 
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Fig. 2. Oiagram of an embryomc micleus demonsnanng ibe reiaave 
otiencahoa of the mtcnsajpic axis. The auclei ate drawn 
approximaieiy to scale to cepiesem the positions and dimensions of 
nuclei in late cycle 14. The sui£n of die embryo is at the top. The 
hybndization ngnals aie represented by die ™»il cucles: note tbat 
tte signals lie toward tbe bonom of (be micleus. as expected for Ratal 
onentadon. 

each set. Ihe alignment of the FTTC and Texas Red or tbodamine data 
sets, and tbe lelative positjons of die hybndizanon signals. 

To acamnUate and analyze images, a highly sensitive opocai 
system is used. The optical micToscope system we use is a fluores
cence wide'field. opdcal miciDScope (lNfT-2. Olympus), connected to 
a saennfic grade cbarged-coupled device (CCD) camera (Photomet-
tics) cooled to-42X (o reduce thermal noise. The camera system has 
a 12 bit tead-out and its response is linear over its emite range. Tlie 
microscope inrludrt highly selective excitation and emission filters 
(Omega Optical), multichroic minus (ChiomaTechnologies). high 
numerical aperture Imsrs. bigb tolerance shutters (Uniblia) and com
puterized stepping motor (Cbmpuinocor) (Agaid et al_ 1989: 
Rykowsid. 1991). Usmg this method, three fluorophoies can be visu-

The embryo is rougbly 0.42 mm in length and 0.1S mm in diameter 
(Saonenbiick. 1930) wi^ about 100 audet per field (an aiea of 3490 
(imr see Foe and Albeits. 1983) lying just undertbe surfece. During 
tbe fits S5 minutes of nuclear dWisioa cycle 14. the micles change 
fnm a spherical n prolate eOipiical shape, elonganng from S to 10 
|im in dqKh (Foe and Albetis. 1983). Tht Satch gene, which is near 
the telomere of (he X chromosome. lies near the base of d>e micleus 
as diagrammed in Rg. Z. To sample the same region of each embryo, 
we collect data from the lateral nudline in each case. This pan of (he 
embryo is teianveiy flat and most of Ibe auclei ate in die same plane 
of focus. This means that the opocai axis is identical wtih the nuclear 
axis. The lateral midline cotresponds to mitotic domam 11 as mapped 
by Foe (19891. Typically, opdcal lections ire obiained at 0.2 |im 
intervals of focus, m pixels lepresemug O.I IS4 |un m ibe image 
plane, using a 40x. U NA O Plan Apo lens (Olympus). 

DttnilnaMon of hyhiklUllon signal locatian 
T1iice.diinensional data sets are processed to conect hot pixels using 
a neaiest-aeighbar average. Oata Hacks are noimalized to collect for 
phocobleaching and tamp flicker. The data lets ire enhanced using 
both tow'pass and high-pass Gaussian Fanner filters isigtna 
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values=0.0433 and 2J8 |un~'). Hybndization signals are marked 
interactively usmg PRUSM (Agard et al.. 1989: (Then et al» 1990). 
After mimbetmg die oudei. tbe progtam is used to mark die posiaoa 
of tbe hybndizaiion ngnals m each daa set separately, generatug a 
listofdieX f and Zoxxtfinaies for each spot in botb colors. The list 
of points in way is pasf*** to a Mmhemaacti 
notebook and an Excel worksheet, whose purposes ire co verify the 
pairing of green and red signals, conect for alignment using a GRC2 
algonthm (see below), md determine the ifismbutian of mter-piube 
diffiinrrs 

Several cnteiia ue used when marking the hybridizaaan pomts to 
trmnmrrr eooc and (o objectiveiy distmguish hybndization signals 
from background. Signals are bnght enough to be seen in more than 
one optical while background spots are usually smaller and 
moce Thus, we mark only thiose sign^ that can be seen m several 
sections. When obkmg ngnals are evidem die mark is placed at (be 
center of die object. Signals in incomplete auclei at ibe edge of tbe 
image ate ignoced. In ambiguous cases the auclei ate rejected. We use 
piepacanons tbat ibow hybridization signals in both colors in over 
S0% of the auclei in die optical field. 

AUgnmant of data s«ts 
Before we calculate the distanrr between two signals, we conect the 

for tfanslaoons by differences in alignment between 
the moconzed fluorescence filters. In 2-diniensioaal samples, we use 
mulli<olored fluocescent beads as fiducial markers. This metbod is 
inappropriate with Jnliiiiensiofial samples. Instead, we use an 
algonthin based on ibe f7.tu;^ii^^ Reduced Gradient Method 
(CRC2: Abadie and Carpentier. 1969) that determines an of&et by 
minimizing die sum of ite disnmrrs between all paiis of spots. The 
displacements m tins way are used to correct the X and Y 
• ••.•••liiumc of one data set to brmg it into aligninem with (be other. 
We find (hat for die data sets analyzed here, the displacements range 
fiom 0.1 to 03 ^m. and average about 0.2. whicb is compatable to 
o&ets ^using rmw4n in dan sets 
(R. Madacz and M. C Rykowski. unpubUshed). 

Because die chromosomes ae oriented asymmenically in die Z 
dimeosian. we cannot use die same assumpiiaiis for cofiections of dis
placements in Z. On die other band, dtsplacement of ihe data sets m 
Z results &om chromatic abenatuxi ruber than filler alignment. Tbe 
disnibutian of the Z components for zero-distaiice data sets 1 and 2 
shows (bat the Z ̂ stance disthbutiao is symmenic. and it is centered 
at itwghly zero (0.00008 |im). The lack of displacemem on die Z 
dimension between die red and green data sets is expected for an 
optical system dot is cociected fcv duomatic aberratioiis. For this 
reason, we coctected daa sets for X and K. but not Z misalignmem 
using tile minimiTation algtxitbm. 

Oatannlnatton Of ambryo aga 
We detenmne die age of die embryos by measurmg die length of tbe 
invagmaling membiane in fixed material after observmg die hybrid-
ization signal (Scbqter and Wieschaus. 1993). During miclear cycle 
14, membcanes invaginate ftom tbe embryo suttee, moving into the 
embryo intenor between die nurlei Evetnually. die membranes fiise 
to endoie die cytoplasm aiound each nuchnis The moving fnint of 
membrane can be seen in phase^contrast microgiaplis of living 
embryos, and die extent of membrane movement can be determined. 
The atembianes m die embryos used to generate zeto-disiance data 
lets t and 2 and tbe 29 kb data set were mvaginaied lo t2J. lOJ and 
9 4 ^m. respectively: we estimate dieir iges to be 38. 3S md 34—1 
minutes mto cycle 14. 

RESULTS 

The task we have before us. to detemune tfie fine stnicnire of 
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•hromjiin n •-.!:nicn-.ninji iiucrc!. 'i'.zi :r:--
u>cJ arc •<u!!lc:t::u m Jctc.: >in.ill >iiKi:rcncw~> n Uic uic^iuiin 
lU m >itu h\bnili/3tum T.i j^^uro :tiat ve can mci^ure 
retauvcly >iu>rT Jistanco between ohromiis.imai Joinaitis. ac 
need to Jeterminc ihc rcMiiutmn anil jcciimcj ot the in ^itu 
Inrnvli/aiiiin mcinixl. Tld is. xc ncsU lo Jctcmiinc tne rcpro-
dui.:mht> ot signal Socali/atuin. anil .•>labi:>n the client :i) 
vvhich iwo JiiferemU IjhellcJ prt'hcs ihat "huuid coKicali/e 
precisely \xiil supenmpose. Tnese arc non-tnvial questions 
becausc the hv bndizauon signal is likely to result inun a com
bination ot reponer molecules linked dirc-c'ly to the nueieic 
actd prtibe. oa well as some accreted matenai percctveU is 
background. Tlie pattern >jl ihc secondary matenai ;s likeiy to 
be different for riporter molecules «.ith dilfercnt chcmjcal 
pnipenies. and may cause arti tactual variatioas in apparent 
position of the signal. Variations in signal intcasit\ might aLs«J 

an.se from uneven disUibuiion of the hybndizmg DS.A to its 
target. .Vtorcover. optical artifacts rt»uicing from refraction 
through the embryo may act to distort the images in a wave
length-dependent iTunner. 

To control for these possible anifacts. we did two e.xpen-
ments resulting in what vie call ^ero-Uistanc: data sets 1 and 
2. In the tirst e.xpenment. »e labelled the H8.S fragment isee 
Rg. I tor probe location) viith digoxigemn-11-dLTP and visu
alized the hybridization with both FITC- and rhodamine-
labelled anti-digo\igcnin We reasoned that this situation 
would allow us the highest probability of complete overlap, as 
:hers is only one labelled DN.^ and the dilTerently labelled 
antibiidios are xs similar as possible. We collected three 3-
dimensiimal data sets i referred to ciillectivcly in the teit as 
zero-distance data set li to observe Uie FTTC igreen) and 
rhodamine iredl hybnjizaiion signals, as well as the nuclear 
DSA stained with the D.V.A-specitic dye. DAPI (blue;, and 
analyzed them is described in .Vtatenals and .Methods. 

As expccted. the red and jrcun vlata sets overlapped very 
well, as shown for two different projections of an elongated 
hybridization signal tRg. 3.top two rowsi. The lirsj two panels 
'.n each row represent the rhodamine anil rtuori>cein channels, 
respectively. Note that the patterns are very similar, even ihe 
backgrounds are nearly identical. The last panel shows a com
putational superimposition of the two signals, where green tirp-
res-ents the fluorescein and red the rhodamine channels, respec
tively. Note that the signal appears a nearly unifonn yeilnw 
color, indicating that the signals overlap almost exactly, vvith 
the same variations in intensity 

•A-fter marking the positions of the hybndization signals, ihe 
distribution of 'inter-probe' liistances shown in Fig. -l.A -aas 
obtained. The distnbution shows a strong mode at zero 
distance, and a lower number of non-zero inter-probe 
di.stances. We made several measurements from the same data 
set and got the same disinbution in each cise. although indi
vidual values vary idata not sluiwni. We conclude that the 
vanation is ihe result I'f aliasing n.e ritting a continuous 
vanation in intcasity into disc."e!e pixelsi and observer error. 
T.i venfy ihat the error is random, we reploited :he data m iwn 
Jiiterent w.i\s lo deiemiine ii the 'iiin-/ert> mter-probe 
aisiances arc nitii-nndiimls aisir:Cule.i. T.> isujii/.- ;iic •-
Jimeasioiial disinbuiion oi 5' to orieniaiinn. -.ve piotietl ihe 
vectors representing the paihs that connect ihe ireen signal ii' 
ihe red signal (Fig. aB I. TTie length ol the v ectur represents :hc 
•nier-prohe ilisiancc. while ilie .ingle represents tiie .ineniaiiiii!. 

Fis. i. A mantose ut rotated and prujeetud images showing 
hybndizatinn signals to chromosomal DiNA. The top tvwo mws 
illa^fate two views iif a hybndization signal from an S.S Icfa DNA 
fragment from the .V .;iiU <if ihe yuiclt gene iii a cycle 1 a uule 
embryo. The HS.S pmbc was labelled vvith Jigoxisenin-11 -JU'TP 
and vLsualized wiih rtuxiamine trcdl and rtuoreseein igreeni anti-
digoxieenin. The ml profae is seen on the left, the green in the centcr 
and the overlayetl image nn ihe right, ."''oiiec Ihat the two colors 
overlap completely. .\ similar pattern i)l prccise sufxirimptisinun la 
evident :n the view lutiking down on ihe embryo t row t \ and the 
some signal rofoteu onu proieeied ' 'row ij. The third and fourth 
rows show hybndization of W.V DNA probe tt> a cycle 14 male 
emoryo The .s' pmhe is labelled *itn nit.Min- lO-JCTP .ind 
iligo\igeniii-t i liLTP. made Hrparateiv. jiiii tsuali/eU using Te\as 
Red-tabelleu aviuin .ind iluoresceni-labctleU aiiii-*iieoAieenin. 
respeetiveiv. Hie red and ;irccn signals t>\ eriap in a similar manner 
lo those jbiive lilhough nm .is *veil. Bar. 1 iim 

From this vector I'U.i :t :s .inser\eil that 'he dislributioii in V. 
y and Z is spherical. . isoiropic 

We .ilso xsked it ;he measured inicr-pnire jistancc depends 
on '.he litation .if ttic In-hndizatmn siotuIs m rhe microscopn. 
'ictvl- \ s*. ..iiaium m inter-;Tore aisiancc 'iii-^ht 
result :n)iii .ipiical iherTutions introduced by the inicmscope 
or b\ rhe embrvo iselt. To determine it ihis is the ^xse. we 
nUutcil :ne •iiier ''<i''ne Iis:;;ncc ..s i "'.iiiction -'i tlie "•'sninn .»! 
lae iiui.;e: .n '^c iii^.-ns^. imc leid I'lc •C'.iii- irc -iinwn ;i 
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as aga i.M ija t.n 
Oisanca (nncrons) 

a ojs aa> mm >ja > 73 
Oaanea (micnxis) 

Fig. 4. Dutnbunon of iiuer-{itabe distaiices 
for zero-diaancT dag sets 1 (A-Oial2iD-
R. Hie vector phxs (4B and E) lilusaaces 
ibe 3-diiiiensional dismbimon of vectors 
lepiesenung die path between the red and 
green hytatidtzanoa signals. The field plots 
(C and F) plot the disiaace between 
liybhdizanon signals i lepiesenied by the 
height of the bar) as a fiinctioa of the 
posiaon of the signals in die imctoscopic 
iield. Note that while (he points in zero 
distance data set I overlap, those in zeto 
distance data set 2 do noL 

(tie lield plot in Fig. 4C and detnonsttate (hat (here is no sys
tematic reiatioiuiup between the distance between signals and 
the position in the field. We conclutle that the vatiation m 
apparent inter-signal distance tesiilts from random rather than 
systematic error. The sources of the eiiui include slight varia
tions between (he positions of the brightest poim in the signals, 
as well as observer error. The variation represents (he accuracy 
of (he method, abotu ^.I (tm. 

(n the second zeit>-distance experiment, we determined the 
overlap between signals resulting from the same DNA probe 
labelled separately with diffaetit derivatives and visualized 
with different reporter molecules. In this way. we can assess 
(he contribution of differential probe distribution to the (arget 
sfqufttices. as well as dtffeteaaal reporter molecule baclc-
ground. We generated two hybridization probes from the same 
plasmid. P9.9. one labelled with digoxigeniiu (he txher wi(h 
bioan. and hybridized chem simultaneously co embryonic chro
mosomes. The signals were visualized with FTTC anti-digoxi-
genin and Texas Red-avidin and analyzed as above. The results 
of (his analysis are shown in Fig. 40-F. The distribudoa in Fig. 
40 shows a strong mcxle at about 0 1 (im. with a distribution 
between 0 and OJS (tm. Note (hat the mode of the distribudon 
of inter-probe distances does not fall at zeto. and only a 
minority of the signals coltxalize precisely, even (hough the 
signals overlap substanoaliy (Fig. 3. last (wo towsi. We 
replotted the c^ta as vector plot (Fig. 4E) and lield plot (Fig. 
4R OS descnbed above and find (hat. as for the single-reporter 
system, the 3-diniensioiial distnbuDon of inter-probe distances 
IS isotropic and uruelated to che posioon of (he aucletis in (he 
microscopic field. 

The results of (he analysis of the two-reporter system ate 
subs(ani]aily different from (hose of (he single reporter case. If 
(he errors cancnbu(ing (o (he distnbunon were random, we 
would expect (he mtxte (o be zero wiih a broad dis(nbuuon. as 

A B 

30. 

''r 
i 20 
l« -
0 • £ ia> M — 

a oas oM i.o« l as i.n zob 

Oistanca (microns) 
5. Oistribanoa of imer-pmtie distances for die 29 kb data set. 

The mode as well as (tie extent of die dismboiion forlhis daia set is 
"wwh greater (faan foretiherof die zero-distance daa sets. The 3-
dimensioaal dtstributioo illusuaied in B is not obviously sicewed in 
any diieaton. but finther analysis shows that more data points lie 
below (he Z axis ongin. indicanng a preference for the gene to lie 
with its 5' end below the 3' end. 

shown for the case in which a single reporter sysrem was used, 
(t appears from these results ihat two probes itM ate very close 
may appear artificially separated when they ate labelled with 
different reporter systems. This result means (hat there is a 
lower limit to our ability (o actnitately determine (he relative 
positions of two signals. We are cutrently mvesaeaang (he 
basis for (his effect, in (he meanume. we will assume that the 
signal is likely to be accurate to no more than sO. I (im. with 
a mimmum resolution of 0.1 (im. 

Wi(h (he liimts of resolution established, we next sought (o 
detemune whether it is possible to nsolve (he posioons 01 
different portions of the .Voic/t gene in in(etphase nuclei using 
(he (wo-color in situ hybndizauon method. Using (he methods 
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ouiliiied -PiHc. A J ii\ hnij!/',-.! '"v-' :rn'ne^. "n.; irnin the " :iij 
.•nc ir.'ni ;lic cnii 'l the •• ^e:ic. -cp;in;lv;J n> ^ >.\;iin;r-
to-\;;nti;r Jistjiiti: >>1 I'M •vh bclorc. Ilir.-c .•-Jinien-.iimai 
villa ^c:^ 'v.ailo-J jwtlcJtiveK the IV k.b Juu ^ct) »en; >;ulI«:teJ 
rroin a :emale cmbrvo. a total ot' 48 nuclci containma I"") 

p;m^. Wc j\amincJ j tcinuic Juta ~ci bccauM: tnc lur^icr 
number ot In hndi/utton >iinais proviiieU a Miujinncr JtMnbu-
tion runctiim. The Ji>lnfaucu'ii iii inter-pn>ne vii>t3nec?> fur each 
probe pair wa> Jerermmeti and the results ore piotteJ in Fg. 
5A. Ftir comparisim. note ih.it ihe^e JUtnbutH'iis anJ ihe ones 
^hovvn in - Snim the .:ero-aiMaiice >cts ure nomiai-

to compensate fi-r the jitfercnt number iif ^.hromoMimei 
;n .-ach data The ui>tnbution of inter-probe distances :s 
consiilerably more broaU. und ha> a hi-^her modal \alue than 
fore;ther wru-diNtancc data m;:. Clearly thi> discnbution i> »ic-
nuitaiitK different from the control data >et.. Likewise, inspec-
tum ot a few of the signal p;iir^ rnmi this data set (Rg. 6» shows 
obvious differences in location and signal shape compared to 
those from either zero-di>iance data set. 

The vector pine in Ra. 5B demonstruies that the j-diraen-
sional distribution of inter-probe locations is fairly uniform, as 
with the ^ero-distance data sets. However, in examining the 
discnbutioas of the -V. K and Z components of the inter-probe 
di.stanccs. we liiid that while the distnbutions in .V and Y are 
more brt)ad than in the zeroiiisrance cases, the distribution in 
Z broadens considerubly more. This gives the vector plot a 
more foutball-shaped prutile rather than a sphencal one. Since 
the optical Z axis and nuclear xxes .ire aligned, ihi^ increasins 
orientation of the gene in the optical Z x\is represents an 
elongation along the nuclear a\is. 

We next asked if there is a preferential dircccioii ror the 
Viifc/i gene along the embryo a.\is. We reasoned that if the gene 
:s tethered to an immos able .tracturc in the nucleus, the gene 
may be oriented preferentially W'e determined the number of 
lucie: ̂ houinM a 5' to 3'.:ii ?' >ir nn onentation :n Z. RcsuIls 
are shown in Table I. .As should be clear trom F.g. ig. there 
••s no absolute 3' to 3' iinentaiioii. taut there is a slight pretcr-
ence for a 5' to 3' orientation jlong the positive direction. Tliai 
!s. the 5' I centromertt-Uistal I end of the iene lies below thai of 
the y I centromere-proximal I end. consistent with the RabI ori
entation of Ihe chromosome. Since the orientation preference 
IS slight and since the orientation has a signilicant component 
m the .V-K plane, '.ve assume that the chromosome is -jentlv 
coiled from the centromere to the •.cliimere. These Jaxa nui^t 
be contirraed by observing more data sets fmm embrxos at 
different ages, but thc>- may suggest that the chromosome Ls 
tethered to a structure so that as the gene expands, it docs so 
in a preferred direction. 

We examined the onentation of homologous genes in the 
same nucleus to determine whether the onentation of the gene 
IS likely to be the same as its pair, or whether it will have a 
random onenution. Tiic results .ire suinmanited in Table 2. We 
hnd that, for those nuclei in which twii individual hybndization 

Table I. 5'-3' tjrientation nt' the -.icne aluni; the 
nuclear axis 

riiiic snlo 
*' II •' ••ncnljlu'ii •SicnicU 

rDola .<1 II1II11 " ' • • *' • 

Rg. 6. .-X monc  ̂or rocoted and piojecied images siuwine 
hvbnilization signals using probes H7.S iS') and HS.S I?') lu a cvcle 
I a retnalc embry o. Tlie probes neie labelled with btonn-16-dLTP 
and dieoxigenin-11 -dCj IK. and visualized using avidiRrre.xas Red 
and anii-digoxtgenin lluureseein. respectivciy. The images ore 
miatcd <M" so thai the Z axis uf the embry o runs top to buctom in the 
images. TIic tliree tuws illascrafe sepaxaie hybndi/acion signals with 
the Te.xas Red on the left, the fluorescein in the center and the 
overlayed •signals on the right. .Xiocice the sepoiatiun of the twn 
pnibes wiih only 4 small overlap hetuoen itie mn im yellow t. Bur. 
I um. 

•.ignals cnn be distinguished, the unentaiion tif the genes on the 
two liomoloss is more likely to be the same than that prcdictcd 
on the basis of an assumption of independent distnbution of 
gene orientations. We conclude that the orientation of the gene 
is dependent on local forces and nuy be determmed in pan by 
tethering of the gene to nuclear intezument in a reproducible 
way. 

We considered whether the u.se of a female data set is 
justilied. as paired loci might introduce an error in inter-pmbe 
distances, leading to a low of resolution. We found that signals 
from unpaired ht'mologoas chmmosomes in female nuclei are 
sufficiently far apart tC).4 um-i.h jimi for their relatedne?»s to 

Table 2. S"-J' Orientation of the .Vu/c/t gene:> in 
homologous chromosomes 

()nenutii*n i*;-..-il/*• 

Ouu.^'t '"1 'I- II, •» 
.Xfvl i iVr> 7«i5 -i(-i 

C'npuirvtt 
n -n 

Puircil 

rhc c^rxxtcd V kvrc .oicuUicu itie a^wmpcttin ttui itic •inpatreu 
ruMfHiluc^ wiHikJuncnt iiHicpemfenilv .m tttae<iv«njlt rrct|tlcTK::c^ • 
• KicnuaitMis »r rcrcrv ti» i' .uui •* -n 'ttc vitiK' 
• refer* eu »»ncni«* 5* lo ** jmi - nrtrrv u» nmo "ncrwcil •* 
cLuitc '*> <hc -lucfcur iyi\ 
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Rg. 7. A monuse shou.ing the >amc single wctionj. ot hybnilizoiiun u-sin  ̂HT.S (5*) and HS.3 (3'> probe% to the Smch ttanscnpt in 3 c>c!e !-
r'cmsle embryo. The 5' probe (Ftz. ?Ai was labelled nith dî xtsenin-I l-UL if and vuualizcd with ami-diCT\igenin iluarcMTcin. The 3' probe 
' Ftf. 7B> wa  ̂lubetlcd with biocin-ib-tiLTP and visuult/eii *uh aviilin;Texu> Red. Noiicc that the 5* probe iscxidenc in almost all ot* the nuclei 
"'u: :lic pnibc i-» M;;;n t'liiy m a !c*.v iiucici. B-r. 5 atn. 

unambiguous. Further, it the paired signals 'O'T ot ihe touil 
MgiiaLsi are oiniitcd trora the analysis, the Jisuibmiun ot" inter-
prube distances is the same idaui not >ho\vni. We conclude that 
any additional error introduced by mensunng mter-probe 
distance m paired loci is insigniticant. 

We ne.xt sought an e.xplana(iun for the rather hmad di.sir;b-
ution ot" inter-probc Jistanco in the Z^) kfc> data •»;!. S.>mc ot 
the variation likelv resuit.> t'rpin the limited re«ilutiiin t>l' '.he 
technique, but ni>i ail ot it ^an be explained m thU aay. From 
the observation or chromo.somai pufllng in polytenc nuclei, it 
IS reasonable tu suggest that tran.scripiional decondensation 
acci'unk. Ji lc3.st m part, tiir the incrcusc m intragenic 
distances. It h;is previously besn shown that tran.scnpiuin 
aborts dunng mitosis and is rcinittuicd at the start or interphase 
(Shermoen and O'FarrclI. I99Ii. We might xsjume that 
initiation is simultaneous in all cells ot the bla.siudenn. and 
that, assuming that the extension we see is the result of tran
scription. all gcno should he elongated ti> the same extent. On 
the other hand, it' initiation is not immediate and simultaneous 
in all nuclei, we might e.xpcct to see a broad di.stribution ot' 
condensation levels, even m a iiominalK sy nchroiiou.s popula
tion ot' nuclei. Wc Jcxidcd m test dircctly whether the e.xtent 

Fia- Ji. Prijjcetitin tmase iil a single nut;:.*us ̂ nmv ing tixnndi/uium oi 
H7 S 15*: and H.S s i nnibvs tti the \f*rt It :ruiiscnpt :n j c%».!e 1 -
Tcinaie j:nm*Vti riie pn'hc AXS labeilcu wiih diciixiucnm-11. 
.!LTP and :he ri\nmli/aiiim ̂ lunul sisuaii/cU -jsme 
'llii rc^^.-rn. Hlc " ;MIIV '.vus l-Pcilcd -viin -'iiilui. Ti' ;IM 
M ^ u u t i / c d  ^ v i i t i  a v i d i n / T c x a - s  H i c  c n i n r v . t  • v . : >  - t u i n c - . :  v u n  

None.* :tut ilic '' prohe nn n."a: cMueni .mi\ .m .me 
liiiiiiitif: n ; iiiicfcTis ̂ imtuinin-j unr?.ur.:J rnifv . tn :rv.-i' 

•• I;, 'uwicu"*". .(tir.v.i ii 'III* itwi. • .:..i 

oi' truiLscnption is (he same in ail cells by hybridizing in situ 
tu nascent mRN.A using the two color system. 
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We produced cwo piobes. H7.S and H8.8. labelled m digox-
igenin and bioon. respecnveiy. H7.3 bybndizes exclusively (o 
Che large Aisi intron. while H8.8 hybndizes to 3' sequences, 
pnmanly exon (Fig. li. The two probes were hybndized to 
RNA using established techniques (Tautz and EteiRe. I989> 
and visualized as above. We found that the S' probe hybndized 
in ail daa sets in which the 3' probe did. but not the reverse, 
consistent with the hypothesis that Notch gene transcription 
begins fairly synchronously at the beginning of interphase 
(data not shown). We looked for embryos in which the extent 
of hybridization to the 3' probe vaned from one nucleus to the 
other, consistent with the hypothesis that either tbe time of 
mitiauon of transcription or the nanscnpaon rate is variable. 
Such a data set. ftom a female, is shown in Fig. 7. Note that 
the S' hybridization signals (Fig. 7A) are both brighter and 
mote numerous dian the 3' signals (Fig. 7B). In several nuclei, 
two 3' signals are apparent, but only one 3' signal. .A parucu-
lariy striking example of such a nucleus is shown in Fig. 8. The 
S' signals are elongated in the image plane. .Vear one end of 
one S' signal is a deiimce region of hybndization to the 3' 
probe, while the cotresponding signal on the other bomolog is 
absent. We conclude that while the Notch gene generally 
begins transcription at the begiiming of interphase, there is 
some variability in either the initiation or the elongation rate. 
We fiirther suggest that this variability may contribute to the 
broad distnbunon of inter-probe distances that we observed in 
the female data set. 

DISCUSSION 

We have demonstrated that a two-color hybridization 
technique cm reveal substructure in an expressed gene in 
Drosophiia embryonic nuclei. We nnd that the Notch gene is 
in an open conformation as it is expressed during nuclear cycle 
14. We also tind that the gene is aligned along the Z axis, 
parallel to the nuclear axis: the S' to 3' orientation (in which 
the 3' end is uppermost in tbe nucleus I is preferred, though not 
strongly. We find that the number of chromosomes in an open 
conformauon is broadly distributed. Hybridization to nascent 
mRNA suggests that some of this van^ility may result fiom 
variations in transcriptional initiation or elongation. Further
more. in pieliminary experiments (Cunawardena and 
EtykowskL unpublished), we have found an age-dependent 
variation in the mode of the inter-probe distance distribution, 
although our data are still insufficient to determine the exact 
timing of decondensation. 

The first question to consider is whether the locations of the 
hybndizauon signals reflect the posinons in the live embryo of 
the chromosomal sequences homologous to the probe ONA. 
That is: how well preserved are the embryos during tixation 
and hybridization'' The R-Tanon procedures have been 
developed to yield nuclei that closely resemble those in live 
embryos. The embryo preparuiuns conform to the stnngent 
requirements descnbed in .Vlatenals and Methods, and on that 
b3Si:> we conclude that (he embryos are well preserved. We 
conclude that, as far as possible, we have eliminated the pos
sibility that the results we present are artifactuol. 

An jlcemative way to evaluate this in situ hybndization 
technique is to j&k whether the results we rind are consistent 
with our expectations based on results obtained using inde

pendent techniques. As discussed below, the observed inter-
probe distances are m the range predicted by observations of 
e.\pressed genes in polytene chromosomes (Lamb and 
D^eholt. 1979). but are quite different from those seen m 
mammalian ceils (Lawrence et oi.. 1990: Tiask et al_ 1989). 
We discuss a possible explanation for the differences between 
our data and those obtained from mammalian cells chat 
depends on the unique properties of the blastoderm embryo of 
Drosophiia. 

Previous results on the structure of the Notdi gene in 
polytene chromosomes (where the gene is silent) showed that 
Che expected condensanon level for chromatin containing the 
Notch gene is lOO-l-iO bp/nm (Rykowski et aL. 1988). This 
would correspond to an inter-probie distance of 0.21-0.29 (im 
in the present experiments, assuming that the gene is in a linear 
form rather than a loop. If the gene were condensed at the level 
of interband «20 bp/nm). the most decondensed portion of the 
polytene chioinosoine. we would expen an inter-probe 
distance in these experiments of at least IJ (un. Vaked DNA 
(about 3 j bp/nm) would extend 8J (im. The 29 kb data set 
showed a laree number of (jecondensed chromosomes, about 
90% of the nuclei showed an inter-probe distance between 0.1 
and U iim. mdicanng a level of condensaaon between that 
expected for an inactive gene and that expected for 10 nm 
nucleosomal fiber. Thus, as expected, the chromatin stnicwre 
of the active Notch gene m diploid nuclei is more open than 
that of the inactive gene in polytene nuclei. However, it should 
be mentioned that m other data sets, notably those fiom imtoac 
embryos, the inter-probe distance is less dm seen in the 29 kb 
data set (Gunawaniena and Rykowski. unpublished). 

The results obtained here lad co a different conclusion than 
diat reached for mammalian nuclei, in which no subsmictural 
differences between expressed and silent genes could be seen. 
We consider several possibilities. The first, and perhaps most 
impoitant. is that the conclusions drawn previously rested on 
the similanty in the shape and size of the hybridizwon signal 
for expressed and non-expressed genes, rather than on the two-
color technique employed here. It is clear that the combined 
signals from che 5' and 3' probes overlap substantially, and. if 
chey were to be labelled in the same color, would likely appear 
globular. It is only by observing the relative locations of a large 
number of doubly labelled chromosomes that the extension of 
the gene is apparem. 

It is also possible diat functional and geometrical differences 
between mammalian and Drosophiia nuclei ate responsible for 
die apparendy greater gene extension in Drosophiia versus 
mammalian diploid genes. Among these ate che localization of 
replication and transcnptioiu and motphogeneuc movements 
of the nucleus dunng blastoderm. Each of Uiese faaors will be 
considered in turn below. 

Can replication of che Notch gene dunng cycle 1-t account 
for Uie elongation chat we observe' By analogy with the repli
cation timing of mammalian euchromatic genes iD'Andrea et 
al.. 1983: Goldman et aL. 198 î. we might assume that Notch 
u> replicated in the first pan of S phase i which begins imme-
iJinieiy in cycle l-ii. but we have not directly correlated gene 
elongauun with replicauon cime. Replication has been ihown 
Eo be localized to a few hundred centers i.N'axamura et ol.. 
1986: .N'akayasu and Berezney. 1989). '•ometimes called 
tactones'. Jiscinct liom those used lor transcnption. dut are 

fixed to the nucleoskeleton i Hoz^ et al.. 1*^31. Chromo'iamal 
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DNA is reeled through the factones (Hoz^ et al.. 1993). which 
concain factors required for teplicaaon inmaaon and 
elongauon. and post-repiicauve modificanon (reviewed by 
Spector. 1993). The placemenc of repiicauon centers in 
Drasophila (Yamaguchi et al.. 1992). about [-2/uin-'. would 
suggest that DNA from as far away as 0_S ^I^ migfat be 
recruited to a particular center. We would e.xpect that 
elongation would occur in random diiecucns in each nucleus, 
assuming that DNA associates with the neatest center, and chat 
the centers are randomiy placed. Thus, association with repli
cation centers migfat account for the extent but not the direcnon 
of elongation. 

Can transcriptional decondensation account for our obser
vations? Results of others have shown chat nuclear division 
disrupts transcription (Shermoen and O'FarrelL 1991). which 
resumes at the beginrung of mterphase. The cianscnpaon 
elongation rate has been estimated to be 1.1-1.4 IctVmin 
(Shermoen and O'FairelL 1991: Thummel et al_ 1990). If we 
assume that Sotch gene transcnpoon restarts at the beginmng 
of interphase and prtxxeds at the rates determined for other 
genes. Che 40 kb Notch gene will lalce 23-36 uunutes co be com
pletely transcribed. The embryo from which the 29 kb data set 
was obtained was aged 34 minutes, based on the extent of 
invagination of the cytoplasmic membranes measured in phase 
contrasL By this time, the gene could have undergone one 
complete round of transciipaon in each nucleus, so most 
decondensation resulting torn tnnscnpaon should have 
occurred by this time. The frilly tianscnb«l gene is conceiv
ably quite flexible, and might be allowed to move as a resulL 

Rexiblility of the gene alone, however, is not enough to 
explain the decondensation of the gene:., we still need to 
propose some motive force chat acts co extend the gene. In 
polytene chromosomes, a buildup of uanscription prtxiucts 
appears to extend the chroinaun (see below i. However, some 
of that is probably caused by congesaon in the large chromatin 
arrays which comprise polytene chromosomes: steric factors 
may be less important whra chromosomes consist of single 
libers. It is conceivable that genes became elongated when they 
are pulled into uanscnpuon centers in which splicing factors 
and other components ire concentrated (Carter et aL. 1993: 
Xing et al.. 1993). However, cianscnption in diploid nuclei of 
Drasophila appears to be evenly di^buted throughout the 
diploid nucleus (Zacharet al.. 1993). Moreover, recniitment to 
centers friils to cause gene elongation in mammalian nuclei: we 
argue chat rectuionent to aanscripuoijal centers is insufficient 
to explain gene elongation. 

Because of the broad disthbuuon and directionality of 
elongauon. we suggest that the elonganon of the .Vofch gene 
ts due pnmanly to morpftogenetic changes of the nucleus 
rather than the requirements of transcnpuon or repiicauon. 
Dunng cycle 14. the nucleus doubles in length as it is enclosed 
in cell membranes. Since the distnbuuon of chromatin remains 
tairly uniform over the nucleus dunng this ume. ribers may be 
drawn along the nuclear axis m the flow of nuceoplasm. We 
propose the analogy of chromosomal putting as seen in 
polytene chromosomes us a model for what we •>ee in diploid 
embryonic nuclei. In the banded polytene chromosomes of 
Jipterans. transcnpiionolly active genes otten appear diffuse 
and more voluminous than inactive bands, that is. they jre 
puffed" 0ectron microicopic e.lamination or putfed regions 

ihows that e.xponsiun rc:>ulis trom the Jcconueibaiion or the 

Chromosome puffs m Drasoptiila diploids 1871 

chromatids and from the actmmulauon of protein and RNA at 
the sice of cianscnption i Lamb and DaneholL 1979). Within the 
nucleus, puffs appear to swell at least as much in width as in 
length (Bjdrkroth et al„ 1988). There appear to be no 'icnciural 
impediments co elongauon withm che nucleus (Encsson ec al.. 
1989): the buUc of the adjacent chromosomal regions probably 
act to prevent elonganon. Puffed regions can be greatly 
elongat^ when freed from the conlines of the nucleus and 
pulled or squashed. In contrast. unpulTed bands retain much of 
their native appeniance even atier squashing. This suggests that 
decondensaaon during transcnpuon allows greater extension 
than is possible for transchptionally inactive regions and that 
elongation most likely results from e.\temal forces acting co 
extend che chromatin tiber. 

•A possible scenario is chaL as the nuclear envelope e.Tpands. 
the ctonxKomes undergo a general decondensation relative to 
cheir telophase state. Genes that are decondensed hinher by 
cransciipaon would move more freely Chan those sail contained 
in 30 nm fibers. The effect may be more extreme for those 
genes lying, as Notch does, toward the telomere, as telomeres 
are known co cluster at the base of the nucleus. Extension of 
che gene by nuclear movement might be quite vanable from 
nucleus to nucleus. e.xplaining the wide distnbuuon that we see 
m incer-probe distances. .Moreover, che slight preference for che 
gene to orienc with the 5' end closer to the telomere may be a 
consequence of the RabI onentauon of the chromosome and 
independent of its interphase frinction. 

The present work dernonsoates che pocennal for exploracion 
of che fine structure of che genome using high-resoluuon 
hybridization and imaging cechmques. Using these techmques 
it should be possible to determine the relative contributions of 
each of the potential forces acting to decondense the chromo
some. and CO infer che kinds of attachmencs responsible for the 
chromosomal movements that we see. 

The authors thank Drs Jean Wilson and Roben Enckson for lidpfiii 
commenis on the manuscnpt. This «ork was supported by .VIH jrant 
GM448SS. an .Arizona Disease Conuot Research Comnussion grant 
and a Basil O'Connor gram trom the March or Dunes. 
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Summary: 

We have investigated the changes in chromatin structure that accompany the 

developmental expression of the Notch gene during Drosophila melanogaster 

embryogenesis. We combined the techniques of in situ hybridization and high resolution 

three-dimensional computational image analysis with the properties of the blastoderm 

embryo, to determine the time course of structural changes in the developing interphase 

nucleus. We determined the relative three-dimensional locations of probes from the 5' and 

3' ends and the whole transcriptional unit of Notch in embryos whose ages ranged from 

prophase of nuclear cycle 12 to 55-65 minutes into cycle 14. We find that the extent of the 

Notch gene decondensation increases with increasing age of the embryo, that the 

decondensation occurs preferentially along the long axis of the nucleus, and that there is a 

preferred (but not absolute) 5' to 3' orientation. We also compare these results on male 

embryos with results on a female embryo to test whether dosage compensation has an 

affect on the transcription level of genes. Because of the timing and direction of gene 

extension in males and females, we conclude that transcription is not the sole cause of 

Notch gene decondensation, although the extension must be permitted and/or initiated by 

transcriptional activity. We further observe Notch gene extension in spherical sponge 

nuclei from a nuclear elongation defective mutant, indicating that our observations are not 

the result of artifact, nor a consequence of nuclear shape. Thus, we propose that nuclear 

function is superimposed onto, and permitted by the Rabl organization. 

Introduction: 

Eukaryotic chromatin expresses and reproduces itself only in the context of the 

interphase nucleus. Although it is thought that structure is subservient to function. 
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interphase chromosome structure, together with its organization within the nucleus may 

play a role in controlling global nuclear processes. For example, it is becoming 

increasingly clear that the organization of chromatin within the interphase nucleus, 

constitutes the structural basis for transcription and replication (Davie, 1998; Holth et aL, 

1998) and may also play a crucial role in establishing and maintaining epigenetic 

mechanisms that are heritable (Hollick et aL, 1998; Kass et al., 1997; Morris et al., 1998; 

Piirotta et aL, 1997). 

It is ^parent that chromosomes are organized at eveiy level throughout interphase, 

most likely by interactions with spatially fixed components of the nucleus (reviewed in 

Marshall et al, 1997 and Swedlow et aL, 1993). The nature of these interactions is not 

known, but they are likely to include chromosomal attachments to the nuclear envelope, 

replication complexes, and transcriptional machinery (Gerdes et aL, 1994; Hiraoka et al., 

1989; UozSk et al., 1993; Jackson, 1997; Marshall et aL, 1996; Xing et al., 1993; Jackson 

et aL, 1998a; Jackson et al., 1998b). They may also include intrachromosomal loops or 

domains assembled by interactions with specific proteins such as topoisomerase n and 

histone Hi (Davie, 1998; Gasser and Laemmli, 1987), that anchor these regions, by matrix 

attachment regions (MARs) or sequences, to a supporting nuclear structure called the 

nuclear matrix. These chromatin loops or domains may contain one or several genes, 

hypothesized to range in size from 5 to 200 kb with an average size of 86 kb. (Jackson et 

aL, 1990; Mirkovitch et aL, 1986; Miikovitch et aL, 1984). It is evident that the stability and 

cell-cycle timing of chromosomal interactions with the nucleoskeleton is dependent on the 

fimctional state of the chromosome (Davie, 1998; De Belle et al., 1998; Gerdes et al., 1994; 

Holth etaL, 1998). 

Until recently, the banded polytene chromosomes of Drosophila and other insects 

have provided the most complete, although limited, image of a working, interphase 

nucleus. In most of these giant nuclei, the chromosomes appear to be attached to the 
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nuclear envelope (Hochstrasser et al., 1986) and the chromosome arms cascade in spirals 

£rom fused centromeres at one pole to clustered telomeres at the other (Mathog et al., 1984; 

Mathog and Sedat, 1989), and highly transcribed regions enlarge into diffuse puffs (Huet et 

al., 1993). Although the polytene chromosomes remain an excellent model for some 

aspects of chromosome structure, it is important to examine diploid nuclei to directly 

imderstand how both global and local levels of structure are integrated to acconmiodate 

nuclear fimction. 

During early Drosophila melanogaster embryogenesis, diploid chromosomes are 

highly ordered within the nucleus, with specific centromeric-telomeric polarity (Foe and 

Alberts, 1985; Foe and Alberts, 1983; Foe et aL, 1993). The centromere is located towards 

the embryo surface and the telomere towards the embryo interior. This organization, 

termed Rabl orientation (reviewed in Foe and Alberts, 1985) provides a map to localize 

genes within the nucleus. Thus, within diploid nuclei 'we have the ability to understand the 

organization of genes within the chromosome, in relation to the nucleus and its 

environment; in an almost in vivo-like atmosphere . 

To gain insight into both local and global changes in chromatin structure in diploid 

cells, we have examined structural changes in a speciHc gene during nuclear cycle 14 of 

Drosophila embryogenesis. Prior to cycle 14, all somatic nuclei share a common 

cytoplasm, undergoing mitosis synchronously (Foe and Alberts, 1983). Cycle 14 marks 

the transition between the cleavage stage, characterized by rapid cell cycles consisting of 

alternating S and M phases, and somatic cell cycles, which have G1 and G2 phases as well 

(reviewed in Foe et aL, 1993). DNA synthesis begins immediately after telophase 13, and 

proceeds in conjunction with high levels of transcriptional activity. Starting about 10 

minutes into cycle 14 and continuing another 30 minutes, nuclei become enclosed within 

individual cell membranes. Although the cells are stiU morphologically indistinguishable, 

gene expression patterns vary widely from one patch of cells to the next, limiting the 
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developmental options of cells in the blastoderm. The first morphogenetic movements of 

gastrulation begin at 55 minutes into cycle 14, followed by the first cellular mitoses at 

about 73 minutes. No longer synchronous, mitosis 14 takes place in patches or domains of 

cells that undergo mitosis in a specific order based on the position of the cells at blastoderm 

(Foe., 1989), the first macroscopic indication of differentiation in the embryo. 

Chromosomes also undergo significant changes in the interval between telophase 

13 and prophase 14. For the first time since fertilization, histone HI is evident (Elgin and 

Hood, 1973) and the centric and telomeric regions become condensed into heterochromatin 

(Foe and Alberts, 1983), correlated with the dramatic increase of the heterochromatin-

binding protein HPl during cycle 14 (James et al., 1989). Position-effect variegation (gene 

silencing induced by heterochromatin) is observed for the first time (see Spofford and 

Desalle, 1991). The dramatic increase in transcriptional activity in cycle 14 might also have 

some effect on the structure of euchromatin, although this has yet to be observed directly. 

Homologous chromosome pairing becomes obvious at this time, but it is still incomplete 

at gastrulation (Fung et al., 1998; Eliraoka et al., 1993; and Gunawardena and Rykowksi 

unpublished data). Finally, the nucleus enlarges and elongates as cellularization proceeds, 

and the chromatin expands to fill the space. Thus, we reason that cycle 14 is an excellent 

stage in which to examine both global and local chromosomal structure. 

In this study, we combine the techniques of in situ hybridization and high 

resolution image analysis with the properties of blastoderm embryos, to obtain 

unprecedented temporal and spadal resolution in the Notch gene. Using these techniques, 

we have localized different portions of the gene simultaneously, thereby giving us a 

measure of the compaction, position and orientation of the gene. Using developmental 

landmarks in the embryo, we have correlated the age of the embryo, and even its cell cycle 

stage, with observed changes in gene structure. Our results show that early in the cell cycle, 

the Notch gene is almost as condensed as it is in prophase. Later, as the nuclei elongate, the 
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gene appears to decondense. The extent of decondensation is more than would be predicted 

based on results in polytene chromosomes (Rykowski et al., 1988), and continues after the 

Noteh gene is likely to be fully transcribed, both in males and females. Further, we observe 

extension even in spherical sponge nuclei, which are abnormal in nuclear elongation. We 

propose that the time-dependent extension of the Notch gene that occurs during nuclear 

cycle 14 is initiated by transcriptional activity, but that transcriptional activity is not the sole 

cause, as decondensation and extension of the gene along the nuclear axis is observed even 

after the Notch gene has been completely transcribed. This decondensation is restrained 

within the highly ordered interphase nucleus, indicating that nuclear order is maintained 

during chromatin function. 

Materials and Methods: 

Fly stocks: 

All wild-type flies were from an Oregon-R stock maintained at the University of 

Arizona. Two sponge mutant stains (335.11 and 145.11) were furnished by Dr. Eric 

Wieschaus (Postner et al., 1992). The sponge phenotype is profound when the two strains 

were crossed to each other. Although most sponge nuclei are quite abnormal, the "normal" 

nuclei remain sphericaL The sponge phenotype is used here as a control to observe 

chromatin changes in spherical sponge nuclei during cycle 14. Unless otherwise stated, 

flies were raised at room temperature. 

Fixation of embryos: 

Embryos were collected, fixed, hybridized and mounted as previously described 

(Gunawardena et al., 1995; Gunawardena and Rykowski, 1994; Rykowski, 1991). Briefly, 

embryos are collected from a population cage for one hour and aged for 30 minutes to 

obtain embryos in cycle 14. The embryos are mass dechorionated in 50% bleach, 50% 
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Buffer A, pH6.8 (15 mM PIPES, 80 mM KCl, 20 mM NaQ, 0.5 mM EGTA pH 7, 2 

mM EDTA pH 7,0,5 mM Spermidine, 0.2 mM Spermine, 0.1% 2-mercaptoethanol), 

fixed in a two phase medium of 4% formaldehyde (made firesh) in Buffer A and heptane in 

equal volumes. The embryos are devitellinized by incubating in 50% methanol, 50% 

heptane at -70®C followed by a temperature shock at 37°C for 30 seconds. The embryos 

are removed from the methanol phase and stepped in a series of methanol/Buffer A 

dilutions into 1(X)% Buffer A. The embryos were analyzed for chromosome morphology 

(using DAPI/Hoechest staining, see below) and immediately used for hybridization. This 

protocol adapted from Mitchison and Sedat (Mitchison and Sedat, 1983) provides excellent 

chromosome preservation and is widely used in the field (Buchenau et aL, 1997; Demburg 

et aL, 1996a; Demburg et al., 1996b; Demburg and Sedat, 1998; Fimg et aL, 1998; Hiraoka 

et al., 1990; Eliraoka et aL, 1993; Marshall et al., 1996). It is the best preparation method 

for whole mount in situ hybridization. To determine if there were artifacts due to fixation, 

fixation of embryos was also carried out using 2% glutaraldeyde/2% formaldehyde instead 

of 4% formaldehyde in the above protocol with no apparent change in chromosome 

morphology (data not shown). Further, an acetic acid/ethanol fixation protocol was also 

used to compare fixation and chromosome morphology. Briefiy, embryos were first 

dechoiionated and then fixed as above. Embryos were hand devitellinized using double-

sided sticky tape and transferred to a solution containing 45% acetic acid, 95% ethanol and 

4% formaldehyde. The embryos were direcdy transferred into Buffer A. Although there 

were no apparent changes in chromosome morphology (data not shown) in both 

procedures, the methanol procedure is preferred to bulk fix embryos for whole mount in 

situ hybridization. 

In situ hybridization to whole-mount embryos 

Probes are prepared by nick translation with biotin-16-dUTP or digoxigenin-11-
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dUTP (Boehringer Mannheim) to generate single-strand lengths averaging 75 -150 bases. 

Notch probes P9.9 (5* end probe) and H9.1 (3' end probe) were separately nick translated 

with either digoxigenin or biotin, while probes to almost the entire transcriptional unit of 

Notch (-34.9kb - Notch probes P9.9 (9.9kb), 22RB10.7A (10.7kb), P6.1 (6.1kb). S5.5 

(5.5kb) and H9.1 (9.1kb)) were nick translated together in one tube with either digoxigenin 

or biotin (see Figure IB for probe map). This probe preparation is referred to as the whole 

Notch gene probe. Embryos ate prepared for hybridization by incubating with RNase A (1 

mg/ml, Boehringer Marmheim) in PBT (0.13 N NaQ, 7 mM Na7HP04, 3 mM 

NaH2P04,0.1% Tween-20, (Surfact-Amp 20™, Pierce, Rockford, IL) for 10 minutes. 

The embryos are stepped into hybridization buffer (50 % distilled formamide (Onmisolve, 

EM Science), 100|xg/ml herring testes DNA, 0.1% Surfact-Amp 20™, 4X SSC) and 

preincubated at 37®C for 1 hr. The embryos are heated to 70®C to denature the 

chromosomes, and then incubated in fresh hybridization buffer containing 10 |ig/ml of 

each probe DNA which was previously denatured. After hybridization at 37°C for 24 to 36 

hours, the embryos are stepped in series into PBT. The embryos are incubated with a 

combination of FTTC or Rhodamin-labeled anti-digoxigenin and Texas Red, FTTC 

(Boehringer-Maimheim), Oregon (3reen™ or Alexa^^Iabeled avidin (Molecular Probes). 

After rinsing, the embryos are counterstained with DAPI (Sigma) (O.l^g/ml) or Hoechest 

33258 (Sigma) (0.5M.g/ml) in Buffer A (pH7.2). The embryos are rinsed once in Buffer A 

(pH7.2). Embryos are moimted in approximately 20pil of Vectorshield^ mounting 

medium for fluorescence (Vector Laboratories) and observed. Controls were done with 

each preparation to ensure that hybridization requires denaturation of embryonic 

chromosomes and that hybridization is sensitive to DNase (RNase free). RNAse H was 

also used to further ensure that DNA-DNA hybridization is prevalent The zero distance 

data set (analyzed in Gtmawardena et aL, 1995) was made in the same way as above by 
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labeling the P9.9 firagment with both digoxigenin and biotin in separate reactions. 

Image acquisition and analysis 

Embryos are observed, and images analyzed as described (Gunawardena et aL, 

1995). Briefly, the optical microscope system uses a fluorescent wide-field, optical 

microscope (IMT-2, Olympus), connected to a charged-coupled device (CCD) camera 

(Photometries) cooled to -42°C to reduce thermal noise. The camera system has a 12 bit 

read-out, and includes highly selective excitation and emission filters (Omega Optical), 

multichroic mirrors (ChromaTechnologies), high numerical aperture lenses, high tolerance 

shutters (Unibliz) and computerized stepping motor (Compumotor) (Agard et al., 1989; 

Rykowski, 1991). Using this method, three fluorophores can be visualized independendy. 

Data images are taken in three colors and in three dimensions using the computational 

optical microscope to record separately the positions of the 5', 3' and whole gene 

hybridization probes and the nuclei as revealed by DAPI. Images are taken from an area of 

3490^m^ at the lateral midline of each embryo, to ensure that the optical axis is identical to 

the nuclear axis. This region is relatively flat so all nuclei lie at the same plane of focus (see 

Figure 1 A). Later in cycle 14 this region corresponds to mitotic domain 11 (Foe., 1989). 

Typically, optical sections are obtained at 0.2 ^ intervals of focus, in pixels representing 

0.1154 ^m in the image plane, using a 40X, 1.3 NA (numerical aperture) (D planer apo-

chromatic) oil inunersion objective lens (Olympus). We use preparations that show 

hybridization signals in one and two colors in over 50% of the nuclei in the optical field 

(for a cycle 14 embryo there are 95-132 nuclei in an area of 3490njn2; see Foe and Alberts, 

1983). The images are subsequentiy processed and analyzed to determine the positions of 

the hybridization signals in each set, the alignment of the FTTC and Texas Red or 

Rhodamine data sets, and the relative positions of the hybridization signals. 
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After collecting data, optical sections are processed to correct "hot" pixels using a 

nearest-neighbor average. Data stacks are normalized to correct for photobleaching and 

lamp flicker. The data sets are enhanced using both low pass and high pass Gaussian 

Fourier filters (sigma=0.0433 and 2.38 ^-1). Data stacks are then deconvolved with an 

empirical point-spread function using a constrained iterative method (Agard et aL, 1989) 

using a SGI work station (Applied Precision). Hybridization signals are marked 

interactively using PRIISM (Agard et aL, 1989; Chen et al., 1990). The list of data points 

generated in this way is passed to a Mathematica notebook and an Excel worksheet, 

whose purpose for the two color hybridization is to verify the pairing of green and red 

signals, correct for alignment using a GRG2 minimization algorithm (see below), and 

determine the distribution of interprobe distances. For the one color data, we obtain gene 

positions as well as the average position of the nuclear surface to ascertain the distance of 

the gene &om the embryo surface for each nucleus. 

Several criteria are used when marking the hybridization points to minimize error 

and to objectively distinguish hybridization signals from background: signals are bright 

enough to be seen in more than one optical section, while background spots are usually 

smaller and more dim. Thus, we mark only those signals that can be seen in several 

sections. When oblong signals are evident, the mark is placed at the center of the object 

Signals in incomplete nuclei at the edge of the image are ignored. In ambiguous cases the 

nuclei are rejected. In the wild-type strain we use preparations that show hybridization 

signals in one and two colors in over 50% of the nuclei in the optical field. For the sponge 

stain, we randomly select 10 nuclei from the 3490|im2 area from 5 embryos at similar 

ages. The same criteria are used when maiidng sponge hybridization signals. 

Alignment of the two color data sets 
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Before we calculate the distance between two signals, we correct the data sets for 

translations caused by differences in alignment between the motorized fluorescence filters. 

In two-dimensional samples, we use multi-coloured fluorescent beads as fiducial markers. 

This method is inappropriate with three-dimensional samples. Instead we use an algorithm 

based on the Generalized Reduced Gradient Method (GRG2; Abadie and Carpentier, 1969) 

that determines an offset by minimizing the sum of the distances between all pairs of spots. 

The displacements calculated in this way are used to correct the X and Y coordinates of one 

data set to bring it into alignment with the other. 

Deteniiination at embryo age 

The embryo is roughly 0.42mm in length and 0.15mm in diameter (Sonnenblick, 

1950) with about 100 nuclei per field (area of 3460|im2, see Foe and Alberts, 1983) lying 

just under the surface. During the first 55 minutes of nuclear cycle 14, the nuclei change 

from a spherical to prolate elliptical shape, elongating from 5 to 15 |im in depth (Foe and 

Alberts, 1983; Foe et aL, 1993). The Notch gene, which is near the telomere of the X 

chromosome, lies near the base of the nucleus. 

During nuclear cycle 14, membranes invaginate from the embryo surface, moving 

into the embryo interior between the nuclei. Eventually, the membranes fuse to enclose the 

cytoplasm around each nucleus. After marking the positions of the hybridization signals, 

we determine the ages of embryos by measuring the length of the membrane as revealed 

by phase-contrast microscopy, similar to the method used in Schejter and Wieschaus 

(Schejter and Wieschaus,1993). The average membrane length is determined by calculating 

the length separation between the top and bottom of the membrane in phase contrast 

images. The moving front of the membrane was also observed using Hoffman modulation 

contrast optics, in phase contrast in living embryos, and the extent of membrane 



128 

invagination was detennined (Heddle and Rykowski unpublished, data not shown). The 

relationship between the length of the membrane and the putative age is listed in Table 1. 

Because membrane movement begins 10 min after mitosis 13, the ages of embryos 

younger than that cannot be determined. The age of older embryos were determined based 

on the observation that the cephalic furrow had formed but not the anterior or posterior 

dorsal folds. These embryos were judged to have an age of 55-65 minutes after mitosis 13. 

We estimate that the ages of all the embryos is accurate to within ±2.5 min. 

Results: 

The goal of this study is to determine directly the structure of the Notch gene in 

diploid embryonic nuclei of Drosophila melanogaster. Notch, which is expressed in all 

cells of the embryo (except the germ cells) at this time (Hardey et al., 1987), is located near 

the telomere on the X chromosome, allowing us to observe a single copy in males or two 

copies in females (some of which are paired). Autosomal genes are always present in two 

copies in wild-Qrpe flies, which might have complicated the analysis due to uncertainty in 

assigning pairs to nearby signals. The transcribed portion of the Notch gene is 37 kb, large 

enough to resolve using in situ hybridization methods, but small enough to be 

manageable. Moreover, the fine structure of the inactive Notch gene in salivary gland 

polytene chromosomes (Rykowski et al., 1988) and in diploid embryonic nuclei 

(Gunawardena et al., 1995) was previously determined. 

Our model system of choice is the nuclei of whole-mount late syncytial blastoderm 

Drosophila embryos (Le. embryonic cycles 12-14). In this preparadon, 1000-4000 

morphologically identical nuclei lie in a sheet just beneath the embryo surface. By using 

early embryos, it is possible to examine the most completely synchronous population of 

nuclei possible. Moreover, embryonic nuclei ate highly ordered: the centromeres and 
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telomeres are located on opposite ends of the the nucleus with centromeres toward the 

surface (Foe and Alberts, 1985), the so-called Rabl orientation (Figure 1 A). This means 

that a particular gene will lie at the same distance below the embryo surface in all the nuclei 

(see Hgure 1 A). The synchrony controls for variability caused by cell cycle-dependent 

differences in gene structure, while the regularity and large numbers of nuclei allow us to 

use statistical methods to accurately determine the relative positions of hybridization signals 

imaged using different filter sets. We reasoned that by examining Notch simultaneously in 

a large number of £q>parendy identical cells, we could determine directly the three-

dimensional structure of a gene as it is expressed, thereby inferring some properties of the 

chromatin in which it is contained, in an environment that is dynamic. 

The locations within the nucleus of specific portions of the Notch gene are 

determined in three dimensions using a two color DNA-DNA in situ hybridization 

technique and probes from the 5' and 3' ends (P9.9 and H9.1; see Figure IB) of the Notch 

transcriptional unit. By comparing the observed interprobe distance to the calculated 

condensation levels for known chromosome structures, we can infer how the gene might 

be organized and the level of condensation or decondensation. The extent of the whole 

Notch gene is also observed using a cocktail of probes that hybridize to the transcriptional 

unit (34.9kb - P9.9, 22RB10.7A, P6.1, S5.5 and H9.1; see Figure IB) in a one color 

DNA-DNA in situ hybridization technique. 

Developmental changes in Notch gene structure 

In preliminary experiments, we noticed that the 5' to 3' interprobe distance varied 

from one Hata set to the other, although the mode of the distance distribution was tight in 

many cases. We suspected that the distance between probes might be a fimction of the age 

of the embryo, because the distribution for embryos in mitosis was much tighter than 

average (0.2 to 0.4 pm), while the distribution for ceUularized embryos was very broad (0 
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to 2.4^). We undertook a systematic study of the relationship between interprobe 

distribution and age by examining the interprobe distribution of embryos whose age was 

known (see Materials and Methods). Using the methods outlined, data sets were collected 

from male embryos. The distribution of interprobe distances for each of these was 

determined and the results are plotted in figure 2A. Hgure 2A shows both the total 

interprobe distance distribution Geft colunm) and the distribution for the Z component of 

the interprobe distance (right column). For comparison, the disuibution from the zero-

distance data set (in which identical probes were labeled separately with digoxigenin and 

biotin to determine the limits of our hybridization technique (Gunawardena et al., 1995) is 

shown in halftone in each plot The accuracy of our method is about ± 0.1|jjn and was 

previously shown in (Gunawardena et al., 1995). 

The first plot shows the interprobe distance for an embryo in prophase (Figure 2A, 

top). During prophase, the chromosomes begin to condense from the interphase to the 

metaphase form. We find that the interprobe distance varies from 0.1 to 1.0 |im 

(mode=0.22nm, mean=0.44[im, SD=0.2), as might be expected for nuclei whose 

chromosomes are not yet uniformly condensed. The condensation rates for the interprobe 

distance of 27.5kb (distance separation between P9.9 and H9.1 - Hgure IB) to be 

organized into the 30nm fiber is 0.24{Jin, for the lOnm fiber is 1.48|im or as naked DNA 

is 9.63|im. 

In older embryos (Figure 2A, 21-55 min) we find that the plot of interprobe 

distances shows a non-gaussian distribution which is increasingly broad and whose mode 

becomes increasingly longer as the embryo ages (mode change fi^om 0.22|im at 21 min 

(SD=0.4) to no distinct mode at 55 min (SD=0.6). The distribution continues to broaden 

even after the 27-34 minutes it should take the Notch gene to be fully transcribed (mean 

0.53jim at 26min (SD=0.27) to 0.96nm at 42 min (SD=0.55)). The oldest embryo, 55-65 

minutes into cycle 14, shows a nearly flat distribution (ranging from 0-2.4|im, 
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mean=1.23|im, Hguie 2A, bottom). Note that we are not observing a consistently greater 

separation of the two signals, which would be indicated by the movement of the mode to a 

different position in the distribution. Rather, all possible intragenic separations seem to 

coexist in the late embryos. Thus, these observations suggest that the Notch gene is in the 

"open" confonnation at late cycle 14 (at 55 minutes the variation in distribution is from 0 

to 2.4^m, mean=1.23^) and extending to possibly the lOnm tiber form 

(27.5kb=1.48nm), but is not completely open to naked DNA (27.5kb=9.63njn). 

The montage of nuclei (Figure 2B ) from 3 different embryos at different times 

clearly shows the behavior of the 5' and 3' ends of the Notch gene. During early 

embryogenesis (Figure 2B, middle), the probes are compact and round, although there is 

no colocalization. As the embryo ages in late cycle 14 (Hguie 2B, right), the 5' and 3' 

probes extend and elongate along the nuclear axis and their distance separation increase 

(mean=1.23jim). Signals from the control data set (Gunawardena et al., 1995) is shown at 

left in figure 2B for comparison. Here, the 9.9 probe was labeled with both digoxigenin 

and biotin. Thus it is evident that the Notch gene structure changes as the embryo ages in 

cycle 14. 

Chromosome morphology is not affected by fixation or optical artifacts 

First, we must ask the obvious question: can our observations be the result of 

artifact? Our fixation procedures has been developed to yield nuclei that closely resemble 

those in live embryos and have been used in other laboratories (Buchenau et al., 1993; 

Buchenau et al., 1997; Demburg et al., 1996a; Demburg et al., 1996b; Demburg and 

Sedat, 1998; Fimg et aL, 1998; Hiraoka et al., 1990; Hiraoka et al., 1993; Hiraoka et aL, 

1989; Marshall et al., 1996). We further compared two fixation procedures with no change 

in chromosome morphology (see Materials and Methods). As further evidence that 

fixation has not affected the chromosome structure, our observations show an internally 
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consistent picture. For example, the distance distributions shown in figure 2A, in which 

signal positions show a smooth and reproducible variation with age, are unlikely to result 

from artifact Note in particular the embryos which are aged 1 minute apart (41 and 42 

minute embryos. Figure 2A), are very similar to each other and unlike others in the series. 

Signal extension is also observed in the XY plane of focus, although not as extended as 

observed in the nuclear axis (Figure 3A). 

Optical artifacts also occur if the image is distorted by the embryo or nuclei, much 

like rippled glass distorts objects behind it Thus, the position of the nucleus, the extent of 

nuclear elongation or the curvature of the embryo can all cause apparent elongation of the 

signals. We argue that optical artifacts introduced by the shape of the nucleus are also 

unlikely because most of the changes in gene position we observe occur in G2, when the 

nuclear shape is constant We reasoned that if there were distortion in the optional axis 

then we would not see elongated signals in the XY plane of focus (Rgure 3A). This 

observation further suggests that the elongation we observe in the optical axis is real and is 

not a result of artifact 

We were also concerned of the possibility that the curvature of the embryo might 

cause an aberration in the elongation or distort the appearance of the hybridization signals. 

To investigate this, we compared signals throughout the whole embryo. We picked two 

adjacent nuclei that lay parallel to the optical axis and were located at the center of the 

embryo (Figure 3B). Within adjacent nuclei, the Notch gene is located at different 

positions, with different signal shapes, within the same embryo, suggesting that the 

curvature of the embryo has no affect on Notch gene extension. 

Next we reason that if the distance between the two signals was artifactual, then the 

size and shape of signals from hybridization to larger regions, should be similar in size to 

signals from smaller regions. In figure 3C we show a montage of two nuclei with 

hybridization to the whole Notch gene (35 kb) and hybridization to the P9.9 (9.9kb) probe. 
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The hybridization signal ftom the whole gene is extended along the length of the nucleus, 

much more than the 9.9 kb probe. Both of these nuclei are from embryos of similar age at 

late cycle 14 (40 min). These observation show that the size and shape of the whole gene 

compared to the 9.9 kb probe is different. These variations within the same embryo, in the 

XY plane of focus and within adjacent nuclei cannot be accounted for by either fixation or 

optical aberrations. Thus we conclude that these observations are not the result of artifacts. 

The Notch gene within spherical sponge nuclei are extended along the nuclear axis. 

We next tested whether the observed gene extension was a consequence of nuclear 

elongation during cycle 14 cellularization. To test this we used a nuclear elongation 

defective mutant {sponge). Unlike the nuclei of wild type embryos, which elongate along 

their apical-basal axis during cycle 14 (Foe et aL, 1993), the "normal" nuclei in sponge 

remain spherical. The sponge product is responsible for the actin cap formation. In sponge 

embryos the hexagonal actin network invaginates forming shallow cells containing single 

nuclei, but it does not encompass the entire blastoderm (Posmer et aL, 1992). Thus, within 

a sponge embryo, nuclei can be observed in different shapes, from spherical to different 

degrees of ellipsoidal (Hgure 4A). The irregularities in nuclear shape can be observed in 

figure 4A (left and middle) compared in a sponge embryo to the regularity in a wild type 

embryo (right) at a similar age. 

Preliminary observations show that the Notch gene is also extended in spherical 

nuclei, within the sponge embryo. In figure 4B we show a montage of spherical and 

elliptical sponge nuclei depicting various gene shapes. These observations indicate that 

there is no correlation between nuclear elongation and gene extension (Table 3 and Figure 

4D). In a IS^m wild type nucleus (at 40 minutes) the Notch gene is extended (average 

about 2.2 |xm), while in a 5 pm nucleus (before 10 minutes into cycle 14) the gene is 

compact (gene height of about 0.2 |im). As depicted in figure 4D, there is no detectable 
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leladonship between gene height and nuclear height The extension of the gene is also 

observed in the XY plane of focus (Figure 4E). Thus we conclude that the chromatin 

changes we observe within the Notch gene are not the result of artifacts, nor a consequence 

of nuclear shape. 

We next asked whether the gene organization within the nucleus was normal in 

sponge nuclei. In wild type embryos Notch is located towards the embryo interior, 

consistent with the Rabl orientation for a telomeric gene. Consistent with this orientation, 

we observe wild type Notch genes at the embryo interior, at their Rabl orientation, with no 

apparent movement within the nucleus during 40 minutes into cycle 14 (Figure 4C). 

However, in sponge nuclei, although the Notch gene is still located towards the embryo 

interior, the gene moves considerably within the bottom half of the nucleus at 40 minutes 

into cycle 14. Within the same data set, in some cases the gene is located close to ±e center 

of the nucleus, while in other nuclei the gene is at the nuclear interior, close to the nuclear 

envelope (Hgure 4B). Although detailed analysis is needed, these preliminary results 

suggest a possible abnormality in gene organization within the nucleus, indicating a link 

between the cytoskeleton and chromosome organization. Thus, cytoskeletal components 

may play a role in anchoring chromosomes to the nuclear envelope, thereby bringing 

stability to the nucleus and its cytoplasm. This possibility must be further investigated. 

The Notch gene is oriented non-randomly relative to the nuclear axis 

We analyzed the data to determine if the Notch gene extension takes place equally 

in all directions, as would be expected if the gene were oriented randomly to begin with and 

decondensed uniformly. In examining the distributions of tlie X, Y and Z components of 

the interprobe distances, we found that, while the distributions in the X -Y plane became 

somewhat more broad with increasing age of the embryo (data not shown), the distribution 

in the Z axis went from being extremely tight in young embryos to nearly flat in older ones 
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(Figure 2A, right column). Since the nuclear axis in these data sets is aligned with the 

optical axis, this increasing orientation of the gene along the Z axis represents an elongation 

along the nuclear axis. Further, the distance separation between the S' and 3' probes do not 

exceed the diameter of the nucleus, suggesting that random diffusion cannot account for 

this separation. 

We next asked if there is a preferential direction for the Notch gene extension along 

the embryo axis. We reasoned that if the gene is reproducibly tethered to an immovable 

structure in the nucleus, the gene may become oriented preferentially as the nucleus 

elongates and nucleoplasm flows past, like a windsock in a steady breeze. For each data 

set, we determined the number of nuclei showing a 5' to 3', 3' to 5' or no orientation in Z 

We also calculated the average distance in the Z dimension, with S' to 3' orientations given 

a negative Z value, and those with a 3' to 5' orientation a positive value. Results are shown 

in Table 2. Although there is a slight preference in signal orientation (5' below the 30. our 

results demonstrate no strong correlation between embryo age and either the number of 

nuclei in a particular orientation or the average interprobe distance in Z Note in particular 

embryos of 41 and 42 minutes in age. While essentially the same age and with similar 

interprobe distance distributions, they show different overall orientations. Thus, we 

conclude that while the gene is elongated along the nuclear axis, the direction of orientation 

is not related to embryo age, and does not appear to be restricted by tethering. This result is 

inconsistent with a model in which the gene is tethered to a fixed point but cannot preclude 

the possibility that the gene is tethered to a movable point 

Further, it has been hypothesized that large genes are contained in their own loops 

(Mirkovitch et al., 1986; Mirkovitch et al., 1984). If Notch is contained in a closed 

chromosomal loop, the loop must be significandy larger than the gene itself. If the gene 

were contained in a single, 40kb loop, the relative positions of the 5' and 3' hybridization 

signals would be close to each other, with an apparent interprobe distance of about lOkb, 
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which if it were stretched out as naked DNA, would only extend about 3.5 microns, less 

than the maximum distance between our hybridization signals. Thus, Notch is not 

contained in a closed loop or domain, but must be a part of a larger domain. 

The extent of gene elongation is apparently independent of transcription 

We next asked if the rate of transcription would affect the elongation of the Notch 

gene. Because Notch is located on the X chromosome, each male nucleus contains a single 

copy of the Notch gene, while females have two. We know that any change in the copy 

number of the Notch gene gives rise to visible phenotypes, so we assume that Notch, like 

most X-linked genes, is dosage compensated. Dosage compensation is the mechanism by 

which the transcription levels of genes on the single male X chromosome are doubled 

(hypertranscription) to be equal to those of two copies of the same genes in females. This 

result is achieved by a roughly two-fold increase in the transcription rate for X-linked genes 

in males relative to the same genes in females or autosomal genes (Mukheijee et aL, 1965). 

It is not known whether this increase is due to doubled rates of initiation or faster 

elongation of the male X chromosome (Gorman and Baker, 1994). But hypertranscription 

is correlated with an altered chromatin structure of the male X chromosome, which is 

observed as more diffused than other chromosomes and is wide as the two female X 

chromosomes under light microscopy (Offermann., 1936; Dobzhansky., 1957). 

Cycle 14 is an excellent time to observe dosage compensated chromatin changes as 

the dosage compensation proteins, MSLs and MLEs are observed for the first time 

(Franke et al., 1996). By looking at the Notch gene in both males and females, we can 

observe the structure of the gene over a two-fold increase in transcript production. We 

therefore compared the condensation level of the Notch gene in a female embryo to those 

of males both younger and older than the female. 

Analysis of any diploid gene in Drosophila is potentially complicated by homolog 
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pairing. In our experience and confirmed in recent studies (Hiraoka et aL, 1993; Fimg et aL, 

1998), up to 30-60% of the genes are paired. We compared the level of condensation in a 

female embryo at 34 minutes into cycle 14 (in which only 9% of the signals were paired) 

to that of males at ages 26 and 41 minutes into cycle 14. The results of this analysis are 

shown in figure 5. In figure 5A, we compare the overall distribution of interprobe distance, 

and in figures SB and C, we compare the X-Y and Z distributions, respectively. It is clear 

that, the Notch gene in the female embryo is less condensed for its age than that in the 

males. This is especially clear for the Z distribution, in which the female embryo appears 

precociously expanded to the same level as expected for the 41 minute male embryo. We 

therefore conclude that the extent of elongation in the Notch gene is independent of 

transcription level. 

Discussion: 

We have presented evidence that the Notch gene becomes "open" and decondenses 

to a level that lies between lOnm and naked DNA (2.4|im), as the embryo ages in cycle 14 

(in a time span of 55-65 minutes). As evidence of this flexibility, we determined that the 

relative position of 5' and 3' portions of the gene are likely to become increasingly far a part 

as the age of the embryo advances. The extent of gene elongation is highly variable, and is 

also observed in both spherical and elliptical sponge nuclei, suggesting that the forces that 

give rise to this extension affect the Notch gene differendy in different nuclei and is not the 

consequence of nuclear elongation. We find little difference between the extension in males 

and females of comparable ages, in spite of the fact that the transcription level of each gene 

should differ between them by about a factor of two. The extent of elongation is more 

extreme in the Z dimension than in the X-Y plane, contrary to what might be predicted by 

a model in which chromatin relaxes uniformly as it is transcribed. It also appears that the 5' 
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to 3' orientation (i.e., with the 5' end below the 3' end) is preferred, though not strongly. 

Further, we find that the Notch gene is not contained in its own loop, inconsistent with the 

loop hypothesis (Mirkovitch et aL, 1986; Mirkovitch et al., 1988; Mirkovitch et al., 1984), 

although Notch can be a part of a larger loop domain. 

Effect of fixation and optical artifacts 

Before discussing the implications of these results, we must consider the validity of 

our observations. That is, to what extent do these observations reflect the in vivo structure 

of the Notch gene, and how much can be explained as fixation or optical artifact The 

fixation procedures have been developed to yield nuclei that closely resemble those in live 

nuclei (Belmont et al., 1988; Hiraoka et aL, 1989). The embryo preparations conform to the 

stringent requirements to ensure excellent chromosome morphology (Manuelidis et al., 

1985), and the method is used in various labs (Buchenau et al., 1993; Buchenau et aL, 

1997; Deraburg et al., 1996a; Demburg et al., 1996b; Demburg and Sedat, 1998; Fung et 

aL, 1998; Hiraoka et al., 1990; Hiraoka et al., 1993; Hiraoka et al., 1989; Marshall et aL, 

1996 and Gemkow et al., 1998). On this basis we can conclude that the method of 

preservation has become well established for use in chromosome structure analysis. As 

fiurther evidence that fixation has not affected the chromosomal structure, our results show 

an internally consistent picture. For example, the distributions in data sets from the 41 and 

42 minute embryos, which are a minute apart in age, are very similar to each other and 

unlike others in the series. Although the results presented here do not depend on the signals 

on the fringe of the distribution, it is possible that some of these points may represent 

highly local fixation artifacts. Signal extension is also observed in the XY plane of focus, 

although not to the same extent in the Z plane, indicating that fixation has no affect on 

Notch chromatin behavior. 

There is a possibility that the increased distance in the Z direction results from 
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residual chromatic aberration that is more prevalent in older compared to yoimger 

embryos, which might act to elongate the interprobe distance. We argue that this possibiliQr 

is unlikely. First, we see some elongation of signals in the X-Y plane (see Figure 3A), 

which is not affected by chromadc aberradon. Secondly, we observe greater extension for 

the whole gene compared to the 9.9kb probe at the same age (Figure 3C). Further, 

chromatic aberradon would result in a systematic and unidirectional change in the 

interprobe distance, which would cause a movement of the mode of the Z component of 

the interprobe distance away from zero to another position. That is, the mode would be as 

sharp, but the red probe would consistently appear to lie at a position more interior to the 

embryo. This is not in fact what we find. Rather, the hybridization signals are more widely 

distributed across more planes of focus in older embryos than in younger ones, and the 

distribution of interprobe distances is more broad in older embryos. While there is a 

preference for signals to lie in a preferred 5'-3' orientation, it is not absolute, as would be 

expected if it resulted from chromadc aberration. Further, in control experiments 

(Gunawardena et al., 1995), elongated signals labeled simultaneously in both colors 

overlayed completely, even to small details, which would be unlikely if the apparent signal 

resulted from out-of-focus information only, or if chromatic aberration were significant 

Optical artifacts can also occur by distortion caused by the position of the nucleus, 

the extent of the nuclear elongation or the curvature of the embryo. We argue that these are 

also unlikely. Hrst, if the distance between the two signals was artifactual then the size and 

shape from hybridization to a larger region should be similar in size to probes from smaller 

regions, but instead the whole Notch probe is much more extended than the lOkb probe in 

similar age embryos (Figure 3C). Secondly, artifacts introduced by the shape of the 

nucleus is improbable because most changes in gene extension were observed after 40 

minutes into cycle 14 (at G2), when nuclei shape is constant (see Hgure 2A). Lastly, the 

curvature of the embryo has no affect on Notch gene changes, as signals from adjacent 
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nuclei located in the center of the embryo, are different in size, shape and location (Figure 

3B). Thus, we conclude that, to the extent possible, we have eliminated the possibility that 

our observations are artifactual. 

Transcription and nuclear order 

The obvious question then is can transcriptional decondensation account for our 

observations? Results of others have shown that transcription in Drosophila embryos 

resumes at the beginning of interphase after aborting during the previous mitosis 

(Shermoen and OParrell, 1991). Our own preliminary results suggest that the same is true 

for the Notch gene, as we observe the 5' portion of the transcript before the 3' portion is 

visible (Gunawardena et al., 1995 and unpublished). The transcription elongation rate has 

been estimated to be 1.1-1.4 kb/min (Thummel et al., 1990; Shermoen and OParrell, 

1991). If we assume that Notch gene transcription restarts at the beginning of every 

interphase and proceeds at the rates determined for other genes, the Notch gene, which is 

40 kb long, will take 28-36 minutes to be completely transcribed. In embryos aged 26-55 

minutes the gene is likely to have undergone one or two complete rounds of transcription; 

any decondensation that occurs as a result of transcription should have occurred by this 

time. In spite of this, the gene continues to elongate, suggesting that transcription alone is 

insufficient to explain our result 

Nuclear elongation and nuclear order 

How can nuclear elongation result in gene extension? Starting 10 minutes into cycle 

14 and continuing for another 30 minutes, nuclei elongate from 5 pim to 15 pim. At this 

time, we can imagine at least two explanations. One is that the invagination of the plasma 

membrane along with the elongation of the nucleus, coupled to an increase in nuclear 

contents (nascent transcripts, proteins, etc.), causes the chromosomes to move apart and 
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extend. This is unlikely given that we observe Notch extension even after nuclear 

elongation is completed in wild type nuclei and in spherical sponge nuclei at 40 minutes. 

But, if random diffusion (Fung et al., 1998; Marshall et al., 1997) through the nucleus is 

involved then the interprobe distance separation should vary within S|im, the diameter of 

the nucleus at this time. Instead, the interprobe distance separation does not exceed greater 

than 3 ^m, although it can extend further in the Z direction as suggested by the observation 

that the 5' end is below the 3' end. The other explanation is that contacts between the 

chromosomes, the nuclear envelope and nucleoskeleton cause the chromosomes to be 

drawn actively into the larger nucleus. For several reasons, we favor this hypothesis. First, 

chromosomes are known to be attached, with an average of five contact sites for each arm 

with the nuclear envelope (Marshall et aL, 1996). Second, if the expansion of the Notch 

gene were passive or random, we would expect occasionally to see voids in the nucleus as 

visualized with DNA specific stains, which (save the nucleolus) we fail to observe. Third, 

the pairing of homologous chromosomes that begins in the blastoderm must require 

structural components for its establishment, and possibly for its maintenance. Lastly, 

because the gene is oriented preferentially with its 5' end below the 3' end, and distance 

separation lies between 0-3|ijn, we reason that something is acting on the chromosome to 

keep it orderly. 

This study and other studies indicate a high degree of order within the elongating 

nucleus, suggesting that the position of chromosomes within the nucleus is not random. 

Chromosome-chromosome interactions leading to interchromosomal communication 

establish and maintain several fimctions within the nucleus. Trans-sensing phenomena 

such as transvection (Gemkow et al., 1998; Morris et al., 1998; Wu., 1993), paramutation 

(Chandler et aL, 1996; Hollick et al., 1995; Hollick et al., 1997) and heterochromatic 

silencing ((position effect variegation) (Pak et al., 1997; Spofford and Desalle, 1991; 

Henikoff et al., 1997)), large scale looping that bring enhancers closer to promoter 
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sequences (Davie., 1995; Fielsenfeld., 1992), the clustering of telomeres (Demburg et al., 

1995; Chikashige et aL, 1994} and centromeres (Shelby et al., 1996), all indicate 

interchromosomal associations that accomplish intrachromosomal activity. We have 

shown here that although the interprobe distance separation for the Notch gene increases, it 

never increases greater than 3^m and with no apparent movement within the nucleus, 

suggesting that separation is not governed by Brownian motion, but rather must be 

kinetically determined. Thus, the orderliness within the nucleus favor not only 

communication between chromosomes, but also that locally applied forces govern 

chromatin activity, all superimposed and permitted within the Rabl organization, within 

elongating nucleL 

Mechanisnns and models for chromatin development 

Although our observations support a model in which nuclear order is maintained 

during the development of chromatin, we have yet to explain why Notch is not more 

expanded in males than in females. Polytene chromosomes from male X salivary glands 

are noticeably more diffuse than other chromosomes and are as wide as the two female X 

chromosomes under light microscopy (Offermann., 1936; Dobzhanslcy., 1957), predicting 

that our diploid results should be the opposite of what we see. Clearly, our observations 

suggests that the transcription level is not correlated to the degree of gene extension, 

although male and female X chromosomes are distinct 

One important difference between male and female X chromosomes is that female 

X chromosomes are engaged in homologous chromosome pairing. At cellularization, only 

a minority of the Notch loci are actively paired (Fung et aL, 1998; Eliraoka et aL, 1993; 

Gemkow et aL, 1998 and unpublished), but it is conceivable that the process of pairing 

causes increased gene elongation, even in separated locL A pattern of transient interactions 

has been proposed to explain observations of pairing in both somatic and meiotic cells 



143 

(Kleckner and Weiner, 1993). If homologs were connected without being synapsed, we 

might expect the tugging movement to result in decondensation of the open chromatin of 

the Notch gene in females, consistent with the model that suggests that after chance 

contacts are established, chromosome condensation may drive homologs together 

(Kleckner., 1995). In further agreement, Gemkow et al (Gemkow et al., 1998) suggest that 

since they do not observe interallelic distances that are as large as the Z diameter of the 

nucleus, decondensation of the chromosomes in the Rabl orientation predetermines a 

preferred axial arrangement of the gene. In support of this hypothesis is our earlier 

observation that 5-3' orientation of unpaired homologs is likely to be more similar than 

predicted by random assortment of orientations of all signals in the embryo (Gunawardena 

et aL, 1995). Non-random orientation of homologs in female nuclei may suggest that 

homologs are indeed joined, even when they appear quite separate. 

Confirmation of our explanation for differences in female and male interprobe 

distances will require information on the mechanism of somatic homolog pairing. In an 

attempt to unravel this mechanism, recent studies, using large PI probes firom 

chromosome 2L, suggest that simple random contacts through diffusion could suffice to 

explain homolog pairing (Fung et al., 1998). A further study suggests that the efQcacy of 

the trans-sensing effect is dependent upon the sensitivity of the phenotype to the 

transcriptional level of the gene and to the stability or affinity of the specific paired locus 

(Gemkow et al., 1998). Yet, what we know about meiosis might be instructive in this 

regard. For example, the meiosis-specific, kinesin-like motor encoded by the nod gene is 

found all over the chromosomes, not just at the centromeres or other discrete loci (Afshar 

et al., 1995a; Afshar et aL, 1995b). Nod is apparendy needed to push homologs toward the 

metaphase plate. No motor molecules equivalent to nod have been found in somatic cells, 

although Gemkow et al (Gemkow et aL, 1998) have recently concluded, using a protein 

that influences transvection of some genes, that pairing or association of the chromosomes 
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may be mediated through protein-protein interactions. As yet, no known mutations that 

affect homolog pairing have been found. Likewise, the synaptonemal complex is an 

elaborate structure that stabilizes chromosome interactions during meiosis. No such 

structure is visible in somatic cells, even in polytene chromosomes. Further 

characterization of the differences in gene structure between males and females may yield 

some important clues as to how homolog pairing is accomplished and what kind of 

molecules may be involved. 

What then might be governing these developmental changes in chromatin 

structure? Because of the broad distribution and directionality of elongation, we have 

previously suggested that the elongation of the Notch gene is due primarily to 

morphogenetic changes of the nucleus rather than the requirements of transcription or 

replication (Gunawardena et al., 1995). For this reason, we use the analogy of 

chromosomal puffing as seen in polytene chromosomes as a model for what we see in 

diploid embryonic nuclei. In the banded polytene chromosomes of dipterans, 

transcriptionally active genes often £^)pear diffuse and more voluminous than inactive 

bands, that is, they are "puffed". Within the nucleus, puffs appear to swell at least as much 

in width as in length (Hochstrasser et al., 1986). This suggests that decondensation during 

transcription allows greater extension than is possible for transcriptionally inactive regions 

and that elongation most likely results from external forces acting to extend the chromatin 

fiber. Our new results on the timing of gene elongation support our previous hypothesis. 

We might extend the analogy further by saying that the Notch gene in later embryos 

resembles the polytene puffs after "squashing", in which chromosomes are stretched and 

flattened onto microscope slides. Puffed regions can be gready elongated when pulled or 

squashed, as opposed to bands, which remain relatively tight The analogy suggests that the 

chromosome is subjected to outside forces as well as the internal pressure from 

polymerases and accumulated products of transcription. 
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Given our observations, we are convinced that cycle 14 is an extremely important 

time in Drosophila development to understand the link between structure and fimction. 

Although cunendy direct evidence for the reladonship between structure and function are 

few, many studies indirectly indicate that function is subservient to structure, with global 

chromosomal changes directing many processes. As we have argued, cycle 14 of 

Drosophila embryogenesis is the best developmental time to observe these changes. It is 

the Grst time during embryogenesis when histone HI (Elgin and Hood, 1973) and 

heterochromatin-binding protein HPl (James et aL, 1989) become evident, suggesting a 

developmental change in chromosome condensation mechanisms. Dosage compensation 

proteins MSL and MLE are observed bound to the male X chromosome at this time 

(Franke et aL, 1996), indicating dosage compensation mechanisms are already established. 

Recently, Paro and colleagues (Orlando et al., 1998) have shown that the Polycomb 

proteins, required in establishing developmentally important transcriptional patterns by 

chromatin remodeling, are bound to target sequences in the cellular blastoderm stage, 

suggesting that gene silencing activated by chromatin modifications ate also established at 

this time. Thus, we propose that the structural changes we observe must be a direct 

consequence of global chromatin activities, that are permitted by the Rabl orientation, a 

ramification of nuclear processes being established at this developmental time. The reason 

that we observe such extreme structural alterations is solely due to the fact that we have 

pulled together and combined the techniques of in situ hybridization, with a small probe 

size (<10kb) and high resolution three-dimensional computational image analysis, with the 

properties of the blastoderm embryo to obtain unprecedented spatial and temporal 

resolution. Smdies thus far have utilized large PI clones, repeat sequences and tandem 

repeat genes such as histories as probes, all targeting larger areas on chromosomes, often 

100 times larger than fragments used in this study. Thus, it is not surprising that we 

observe sensitive chromatin variations that are much more intricate. Further, analyses of 
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this type are required to understand fully the mechanisms underlying chromosome 

organization through development in a dynamic interphase nucleus. 
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Figure Legends: 

Figure lA: Tiie spatial relationship between the plane of focus and the embryo. 

The Notch gene, which is near the telomere of the X chromosome, lies near the base of the 

nucleus, opposite to the embryo surface. As the embryo ages, the nuclei change from 

spherical to ellipsoidal (seen here). The XY coordinates define the plane of focus, while the 

Z coordinate defines the optical axis. Optical sections are computationally rotated to yield 

the actual images shown in figs 2B, 3B & 3C and 4B & 4C. 

Figure IB: DNA hybridization probes used in in situ hybridization experiments. 

P9.9 (9.9kb) and H9.1 (9.1kb) were labeled using biotinylated and digoxigenylated-dUTP, 

respectively, while probes to the entire transcriptional unit of Notch (34.5kb -P9.9, 

22RB10.7A, P6.1, S5.5 and H9.1) were labeled together in one tube as mentioned. The 

introns (white) and exons (shaded) are indicated, as well as the orientation along the 

chromosome. 

Figure 2A: Distributions of Notch interprobe distances at various times during cycle 

14. The first column depicts the disuibution of the total interprobe distance while the 

second colunm shows the distribution of just the Z component of the interprobe distance. 

The distance distribution of the zero-distance data set is shown in halftone for reference. 

The distribution for an embryo in mitosis (top) is much tighter than average, while the 

distribution for cellularized embryo (55-65 minutes) is much more broad. Embryos of 

intermediate ages show distributions that become increasingly broad with age. The second 

column of distributions shows that most of the broadening results from a fiattening of the 

Z distance distribution. A comparison of the XY distributions (not shown) indicates that 

little change occurs between 21 and 55 minutes in the plane of focus. 
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Figure 2B: Computationally rotated and projected optical sections firom cycle 14 

embryos. Signals from a single nucleus from three individual embryos at different ages in 

cycle 14 are shown here. The nucleus at left show the control data set (the zero distance 

data set analyzed in Gunawardena et al., 1995) where the P9.9 probe was labeled with both 

digoxigenin and biotin. Notice that the signals overlap completely. The nucleus at center is 

from an embryo at early cycle 14. The embryo was hybridized in situ to two probes, P9.9 

from the 5' end of the Notch gene, labeled with biotin and visualized with Texas Red 

avidin, and H9.1 from the 3' end, labeled with digoxigenin and visualized with fluorescein-

anti-digoxigenin. Here, only a part of the signal is overlapped, therefore the center to center 

distance is very small. The nucleus at right is from an embryo at late cycle 14 labeled with 

the same probes as the center. Notice that there is a greater distance between the center of 

the red and green signals than the other two images. 

Figure 3A: A montage of optical sections illustrating elongated signals in the plane 

of focus. Signals from four individual nuclei as they appear in the XY plane demonstrate 

that, while most of the signal elongation occurs in the Z dimension, some elongation is 

readily apparent in the plane of focus. This strongly suggests that the elongation we 

observe is not the result of optical artifacts caused by a reduced resolution in Z. 

Figure 3B: The curvature of the embryo does not cause an aberration in the 

elongation of hybridization signals. Two adjacent nuclei that lie parallel to the optical axis 

and located at the center of the embryo show the Notch gene located at different positions, 

with different shaped signals. This suggests that the curvature of the embryo has no direct 

effect on gene extension. 
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Figure 3C: Montage of hybridization to the whole Notch gene and to the 5' end 

probe. Single nuclei from two embryos at 40 minutes, each hybridized with the 5' end 

Geft) and the whole Notch probe (right) demonstrate a difference in signal shape and size 

between the two hybridization signals. We observe variation in hybridization to larger 

regions. 

Figure 4A: Witliin a sponge embryo, nuclei are differently shaped. A montage of a 

sponge embryo at 40 minutes is shown in DAPI Geft) and Texas Red (center), compared 

to a 40 minute old wild type embryo in Texas Red (right). Within the sponge embryo 

nuclei are shaped from spherical to different degrees of ellipsoidal. Nuclei are seen in 

DAPI (center) while the outline of the nuclear envelope is observed in Texas-Red together 

with Notch hybridization signals inside the nucleus (center and right). 

Figure 4B. Sponge nuclei hybridized with the Notch gene. In the top panel we have 

arranged spherical nuclei from a sponge embryo at 40 minutes in cycle 14. The embryo 

was hybridized with the P9.9 probe. Note that the Notch signals vary in shape from 

spherical to ellipsoidal within spherical nuclei. In the bottom panel we arrange the 

ellipsoidal nuclei from the same embryo. Note that the signal shapes vary from spherical to 

ellipsoidal and the location of the gene also changes. 

Figure 4C: Wild type nuclei hybridized with the Notch gene. Single wild type nuclei 

from an embryo at 40 minutes, hybridized with the P9.9 probe. Note the uniformity in 

signal shape and the location of the gene within the nucleus does not change dramatically as 

in sponge nuclei 

Figure 4D: Correlation between nuclear length and gene length within sponge nucld 
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compared to wild type at 40 minutes into cycle 14. The top graph shows the normalized 

distribution between gene length vs nuclear length in microns in elliptical sponge nuclei. 

We observe no conelation between gene length and nuclear elongation. The average Notch 

gene length in a wild type nucleus at 40 minutes (Z diameter 15 |im) is 2.2|im. The bottom 

graph shows the normalized distribution between gene length vs nuclear length in microns 

in spherical sponge nucleL The gene length also changes within spherical sponge nuclei. 

The average gene length in a wild type spherical nucleus with a Z diameter of 5|jjn is 

0.2nm. 

Figure 4E: A montage of optical sections in the plane of focus of sponge nuclei. 

Signals from four individual sponge nuclei from a embryo at 40 minutes into cycle 14, in 

the XY plane, illustrate "puffed" but elongated Notch genes, different from wild type 

(Figure 3A), but still demonstrating elongation in the plane of focus. 

Figure 5: Comparison of XY and Z interprobe distance distributions in a female 

and two male embryos of amilar ages. The distribution of total interprobe distances in 

the female is greater than that of either the younger or the older male (A). The XY 

components of the distributions (B) are virmally indistinguishable, but the Z distribution 

(C) of the female is similar to that of the older male, indicating that, if anj^ng. the 

chromosomes of females are less, rather than more condensed than those of males. 



151 

References: 

Abadie J, and Carpentier J (1969) Generalization of the Wolfe reduced gradient method 

to the case of non-linear constraints. In: Fletcher R (ed) Optimization. Academic 

Press London, pp 37-47 

Afshar K, Barton N, Hawley R, and Goldstein, L (1995a) DNA binding and meiotic 

chromosomal localization of the Drosophila nod kinesin-like protein. Cell 81: 129-

138 

Afshar K, Scholey J, and Hawley R.S- (1995b) Identification of the chromosome 

localization domain of the Drosophila nod kinesin-like protein. J Cell Biol 131: 

833-43 

Agard DA, Hiraoka Y, Shaw P, and Sedat J.W. (1989) Fluorescence microscopy in three 

dimensions. Meth. Cell Biol. 30: 353-377 

Belmont A.S, Sedat J.W, and Agard D.A. (1988) A three-dimensional approach to 

mitotic chromosome structure: evidence for a complex hierarchical organization. J 

Cell Biol 105: 77-92 

Buchenau P, Saumweber H, and Amdt-Jovin D.J. (1993) Consequences of topoisomerase 

n inhibition in early embryogenesis oi Drosophila revealed by in vivo confocal 

laser scanning microscopy. J Cell Sci 104: 1175-85 

Buchenau P, Saumweber H, and Amdt-Jovin D.J. (1997) The dynamic nuclear 

redistribution of an hnRNP K-homologous protein during Drosophila embryo 

development and heat shock. Flexibility of transcription sites in vivo. J Cell Biol 

137:291-303 

Chandler V.L, Kubo K.M, and Hollick J.B. (1996) b and pi paramutation in Maize: 

Heritable transcription states programmed during development In: Russo V.EA, 

Martienssen R.A, and Riggs A.D. (ed) Epigenetic mechanisms of gene regulation. 



Cold Spring Habor Laboratory Press, New York, pp 289-304 

Chen H, Sedat J, and Agard D. (1990) Manipulation, display, and analysis of three-

dimensional biological images. In: Pawley J. (ed) Handbook of Biological 

Confocal Microscopy, New York: Plenum, pp 141-150 

Chikashige Y, E>ing D.Q, Fimabiki H, Haraguchi T, Mashiko S, Yanagida M, and Hiraoka 

Y. (1994) Telomere-led premeiotic chromosome movement in fission yeast 

Science 264: 

Davie J.C. (1995). The nuclear matrix and the regulation of chromatin organization and 

function./nf/?ev Cyto/162A: 191-250 

Davie J.C. (1998) Covalent modifications of histones: expression from chromatin 

templates. Curr Opin Gene. Dev 8: 173-178 

De Belle I, Cai S, and Kohmi-Shigematsu T. (1998) The genomic sequences bound to 

special AT-rich sequence-binding protein I (SATBI) in vivo in Juilcat T cells are 

tightly associated with the nuclear matrix at the bases of the chromatin loops. J Cell 

Biol 141: 335-348. 

Demburg A.F, Sedat J.W, Cande W.Z, and Bass H.W. (1995) Cytology of telomeres. In: 

Blackburn EH and Greider CW (ed) Telomeres, Cold Spring Harbor Laboratory 

Press New York, pp 

Demburg A.F, Broman K.W, Fung J.C, Marshall W.F, Philips J, Agard D.A, and Sedat 

J.W. (1996a) Perturbation of nuclear architecture by long-distance chromosome 

interactions. CeU, 85:745-759 

Demburg AP, Sedat J.W, and Hawley R.S. (1996b) Direct evidence of a role for 

heterochromatin in meiotic chromosome segregation. Cell 86: 135-146 

Demburg A.F and Sedat J.W. (1998) Mapping three-dimensional chromosome 

architecture in situ. In: Berrios M. (ed) Methods in Cell biology. Academic Press 

New York, pp 187-232 



153 

Dobzhansky T. (1957) The x-chromosome in the larval salivary glands of hybrids 

Drosophila insularis X Drosophila tropicalis. Chromosoma 8: 691-698 

Elgin S.CJi and Hood L.E. (1973) Chromosomal proteins of Drosophila embryos. 7 5io/ 

Chem 12:4984-4991 

Felsenfeld G. (1992) Chromatin as an essential part of the transcriptional mechanism. 

Nature (London) 355: 219-224 

Foe V.E, and Alberts B.M. (1983) Studies of nuclear and cytoplasmic behavior during the 

five mitotic cycles that precede gastrulation in Drosophila embryogenesis. J Cell 

5c/61: 31-70 

Foe V.E, and Alberts B.M. (1985) Reversible chromosome condensation induced in 

Drosophila embryos by anoxia: visualization of interphase nuclear organization. J 

Cell Biol-m: 1623-1636 

Foe V.E. (1989) Mitotic domains reveal early commitment of cells in Drosophila 

embryos. Development 107: 1-22 

Foe V.E, Odell G.M, and Edgar B.A. (1993) Mitosis and morphogenesis in the 

Drosophila embryo: Point and counterpoint. In: Bate M, and Martinez Arias A. 

(ed) The Development of Drosophila melanogaster. Cold Spring Harbor 

Laboratory Press New York, pp 149-300 

Franke A, E)emburg A, Bashaw G.J, Baker B.S. (1996) Evidence that MSL-mediated 

dosage compensation in Drosophila begins at blastoderm. Development 122: 

2751-60 

Fung J.C, Marshall WJ^, Demburg A, Agard D.A, Sedat J.W. (1998) Homologous 

chromosome pairing in Drosophila melanogaster proceeds through multiple 

independent initiations. J Cell Biol 141:5-20 

Gasser S.M, and 1 .aemmli U.K. (1987) Improved methods for the isolation of individual 

and clustered mitotic chromosomes. Exp Cell Res 173: 85-98 



154 

Gemkow MJ, Verveer PJ, and Amdt-Jovin DJ. (1998) Homologous association of the 

Bithorax-Complex during embryogenesis: consequences for transvection in 

Drosophila melanogaster. Development 125: 4541-4552 

Gerdes M, Carter K, Moen PJ, and Lawrence J. (1994) Dynamic changes in the higher-

level chromatin organization of specific sequences revealed by in situ hybridization 

to nuclear halos. J Cell BioL 126:289-304 

Gorman M, and Baker B.S. (1994) How flies make one equal two: dosage compensation 

in Drosophila. Trends Genet 10; 376-80 

Gunawardena S, and Rykowski M. (1994) Looking at interphase nucleL Meth Cell Biol 

44:393-409 

Gunawardena S, Heddle E, and Rykowski M. (1995) "Chromosomal puffing" in diploid 

nuclei of Drosophila melanogaster. J Cell ScilOS: 1863-1872 

Hartley D.A, Xu T, Artavanis-Tsakonas S. (1987) The embryonic expression of the Notch 

locus of Drosophila melanogaster and the implications of point mutations in the 

extracellular EGF-like domain of the predicted protein. EMBO J 6: 3407-3417 

Henikoff S. (1997) Nuclear organization and gene expression: homologous pairing and 

long-range interactions. Curr Opin Cell Biol 9: 388—395 

Hiraoka Y, Minden JS, Swedlow JR, Sedat JW, Agard DA (1989) Focal points for 

chromosome condensation and decondensation revealed by three-dimensional in-

vivo time-lapse microscopy. Nature (London) 342: 293-296 

Hiraoka Y, Agard D.A, Sedat J.W. (1990) Spatial and temporal coordination of 

chromosome movement, spindle formation and nuclear envelope breakdown 

during prometaphase in Drosophila melanogaster embryos. J Cell Biol 111: 2815-

2828 

Hiraoka Y, E)emburg AP, Parmelee S J, Rykjwski M.C, Agard D.A, and Sedat J.W. 

(1993) The onset of homologous chromosome pairing during Drosophila 



155 

meUmogaster embryogenesis. J Cell Biol 120; 591-600 

Hochstrasser M, Mathog D, Gruenbaum Y, Saumweber H, and Sedat J.W. (1986) Spatial 

organization of chromosomes in the salivary gland nuclei of Drosophila 

meUmogaster. J Cell Biol 102:112-123 

Hollick J3, Patterson G.I, Coe E.H, Cone K-C, and Chandler V.L. (1995) Allelic 

interactions heritably alter the activity of a metastable maize pi allele. Genetics 141: 

709-19 

Hollick O, Dorweiler J.E, and Chandler VX.. (1997) Paramutation and related allelic 

interactions. Trends Genet 13: 302-8 

Hollick J.B, and Chandler VX.. (1998) Epigenetic allelic states of a maize transcriptional 

regulatory locus exhibit overdominant gene action. Genetics 150: 891-7. 

Holth L.T, Chadee DSpencer V.A, Samuel S.K, Safneck J.R, and Davis J.R. (1998) 

Chromatin, nuclear matrix and the cytoskeleton: Role of cell structure in neoplastic 

transformation. In J One 13: 827-837 

Hoz& P, Hassan A, Jackson D, and Cook P. (1993) Visualization of replication factories 

attached to a nucleoskeleton. Cell 73: 361-373 

Huet F, Ruiz C, and Richards G. (1993) Puffs and PCR : the in vivo dynamics of early 

gene expression during ecdysone responses in Drosophila. Development 118: 

613-627 

Jackson DA, Dickinson P, Cook P.R. (1990) Attachment of DNA to the nucleoskeleton 

of HeLa cells examined using physiological conditions. Nucl Acids Res 18: 4385-

4393 

Jackson DA. (1997) Chromatin domains and nuclear compartments:establishing sites of 

gene expression in eukaryotic nuclei. Mol. BioL Rep 24: 209-220 

Jackson DA, Iborra F.J, Manders E.M, and Cook P.R. (1998a) Nimibers and 

organization of RNA polymerases, nascent transcripts, and transcription units in 



HeLa nuclei. Mol Biol Cell 9: 1523-36 

Jaclcson D.A, Pombo A. (1998b) Replicon clusters are stable units of chromosonie 

structure: evidence that nuclear organization contributes to the efQcient activation 

and propagation of S phase in human ceils. J Cell Biol 140: 1285-95 

James T.C, Eissenberg J.C, Craig C, Dietrich V, Hobson A, and Elgin S.C.R- (1989) 

Distribution patterns of HPl a heterochromatin-associated nonhistone 

chromosomal protein of Drosophila. Eur J Cell Biol SO: 17-180 

Kass S.U, Pruss D, Wolffe A.P. (1997) How does DNA methylation repress 

transcription? Trends Genet 13: 

Kleckner N, and Weiner B. (1993) Potential advantages of unstable interactions for pairing 

of chromosomes in meiotic, somatic, and premeiotic cells. Cold SprHar Symp 

Quant Biol 58: 553-565 

Kleckner N. (1995) Interactions between and along chromosomes during meiosis. Cell 91: 

21-45 

Manuelidis L. (1985) hidividual interphase chromosome domains revealed by in situ 

hybridization. Hum Genet 71: 288-293 

Marshall W.F, Demburg A.F, Harmon B, Agard D.A, and Sedat J.W. (1996) Specific 

interactions of chromatin with the nuclear envelope: positional determination within 

the nucleus in Drosophila melanogaster. Mol Biol Cell 7: 825-42 

Marshall W.F, Straight A, Marko J.F, Swedlow J, Demburg A, Belmont A, Murray A.W, 

Agard D.A, and Sedat J.W. (1997) Interphase chromosomes undergo constrained 

diffiisional motion in living cells. Current Biology 7:930-939 

Mathog D, Hochstrasser M, Gruenbaum Y, Saumweber H, and Sedat J. (1984) 

Characteristic folding pattern of polytene chromosomes in Drosophila salivary 

gland nuclei. Nature (London) 308:414-421 

Mathog D, and Sedat J.W. (1989) The three-dimensional organization of polytene nuclei in 



157 

male Drosophila melanogaster with compound XY or ring X chromosomes. 

Genetics 121: 293-311 

Miikovitch J, Miranlt M, and Laemmli U. (1984) Organization of the higher-order 

chromatin loop: specific DNA attachment sites on nuclear scaffold. Cell 39: 223-

232 

Mirkovitch J, Spierer P, and Laemmli U.K. (1986) Genes and loops in 320,000 base-

pairs of the Drosophila melanogaster chromosome. J Mol Biol 190: 255—258 

Mirkovitch J, Gasser S.M, and Laemmli U.K. (1988) Scaffold attachment of DNA loops 

in metaphase chromosomes. J Mol Biol 200: 101-110 

Mitchison T.J, and Sedat J. (1983) Localization of antigenic determinants in whole 

Drosophila embryos. Dev Biol 99: 261-264 

Morris JJl, Chen J.L, Geyer P.K, and Wu C.T. (1998) Two modes of transvection: 

enhancer action in trans and bypass of a cliromatin insulator in cis. Proc Natl Acad 

Sci USA 95: 10740-5 

Mukheijee A.S, and Beermann W. (1965) Synthesis of ribonucleic acid by the X 

chromosomes of Drosophila melanogaster and the problem of dosage 

compensation. Nature (London) 207: 785-786 

Offermann C.A. (1936) Branched chromosomes as symmetrical duplications. J Genet 32: 

103-116 

Orlando V, Jane E.P, Chinwalla V, Harte P.J, and Paro R. (1998) Binding of trithorax and 

polycomb proteins to the bithorax complex: dynamic changes during early 

Drosophila embryogenesis. EMBO J17:5141-50 

Pak D.T.S, Pflumm M, Chesnokov I, Huang D.W, Kellum R, Marr J, Romanowski P, 

and Botchan M.R. (1997) Association of the origin recognition complex with 

heterochromatin and HPl in higher eukaryotes. Cell 91: 311-323 

Pirrotta V. (1997) Chromatin-silencing mechanisms in Drosophila maintain patterns of 



158 

gene expression. Trends Genet 13: 314-8 

Postner M.A, Miller K.G, Wieschaus E J. (1992) Maternal effect mutations of sponge 

locus affect actin cytoskeletal rearrangements in Drosophila melanogaster 

embryos. J Cell Biol 119: 1205-1218 

Rykowsld M.C, Parmelee S J, Agard D.A, Sedat J.W. (1988) Precise determination of the 

molecular limits of a polytene chromosome band regulatory sequences for the 

Notch gene are in the interband. Cell 54:461-472 

Rykowsld M.C. (1991) Optical sectioning and three-dimensional reconstruction of diploid 

and polytene nuclei. Afeth Cell Biol 35: 253-286 

Schejter E, and Wieschaus E. (1993) Bottleneck acts as a regulator of the microfilament 

network governing cellularization of the Drosophila embryo. Cell 75: 373-385 

Shelby RD, Hahn K.M, Sullivan K.F. (1996) Dynamic elastic behavior of alpha-satellite 

DNA domains visualized in situ in living human cells. J Cell Biol 135:545-557 

Shermoen A.W, OParrell P.H. (1991) Progression through the cell cycle through mitosis 

leads to abortion of nascent transcripts. Cell 67: 303-310 

Sonnenblick B. (1950) The early embryology of Drosophila melanogaster. In: Demerec 

M. (ed) Biology of Drosophila, New York: Wiley, pp 162-167 

Spofford J.B, and Desalle R. (1991) Nucleolus organizer-suppressed position-effect 

variegation in Drosophila melanogaster. Genet Res 57: 245-256 

Thummel C, Burtis K, and Hogness D. (1990) Spatial and temporal patterns of E74 

transcription during Drosophila development Cell 61: 101-111 

Wu C.Y. (1993) Transvection, nuclear structure, and chromatin proteins. J Cell Biol 120: 

587-90 

Xing Y, Johnson C.V, Dobner P.R, and Lawrence J.B. (1993) Higher level organization of 

individual gene transcription and RNA splicing. Science 259:1326-1330. 



Table 1: Age detennination of embryos using membrane 

invagination distance 

Lengtii of invagination Time into cycle 14 

3.5±0.4 nm 21 min 

5.7±0.3^m 26 min 

9.4±0.7|im 34 min 
13.6±0.5^un 41 min 

14.5±0-8(xm 42 min 
post cephalic furrow/premitosis 55-65 min 

Table 2: 5-3' Orientation of the Notch gene 

Time into % Oriented % with No % Oriented Net Average Z 
Cell Cycle 5'-3' Orientation 3'-5* Orientation Distance 

Control* 28 48 24 -4 0 
Prophase 45 5 50 5 0.06 

21 min 48 21 31 -17 -0.06 
26 min 28 30 41 13 0.07 

41 min 66 14 19 -47 -0.5 
42 min 49 6 45 -4 -0.1 

55-65 min 60 10 30 -30 1 o
 

* Previously published, see text 



Table 3: The range of gene height observed in Z compared to nuclear shape 

Nuclear sh^ Gene height 
(Um) 

Nuclear shape Gene height 

(iim) 

Spherical 0 Ellipsoidal 0.41 

0 0.88 

0.65 1.09 

1.26 1.48 

1.39 1.83 

1.69 2.22 

1.85 2.6 

2.28 2.97 

3.12 3.98 

8.61 4.7 
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Figure 3B and 3C 
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Figure 4 A 
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Figure 4D 

Nuclear length vs gene length within elliptical sponge nuclei 
in a 40 min embryo 
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Figure 4E 
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Summary; 

Widespread, directed movement of chromosomes during interphase has previously 

been observed only in meiotic prophase. Here, we show that during a single interphase, 

portions of chromosomes move in a cell-cycle specific, directed fashion, independendy, 

and over long distances. Using high-resolution, 3-dimensional imaging techniques, we 

determined the structure and nuclear location of nine different loci, both active and inactive, 

in Drosophila embryos in cycle 14, the mid-blastula transition. All nine regions show 

movement, although the genes closer to the centromere move faster (0.7 microns/minute) 

and over long distances (5-10 microns), while those nearer the telomere expand in place 

and become oriented along the nuclear axis. Gene motion is independent of replication, 

transcription, and changes in nuclear sh^. Further, since individual genes on the same 

chromosome move independendy, the movement is unlikely to be mediated by the 

centromeres. Moreover, chromosomal translocations occur rapidly over a short period of 

time, indicating that this movement is unlikely to result from Brownian motion or random 

drift and must be caused by an active mechanism. We conclude that gene movement is the 

result of a novel mechanism for interphase chromosomal translocation that might be 

governed by nuclear active events. 

Introduction: 

In recent years, it has become clear that the nucleus is highly ordered, and that 

particular loci associate non-randomly (reviewed in Marshall, et aL,1997; Lamond, et aL, 

1998). In Drosophila melanogaster, several genetic phenomena are most easily explained 

by a model in which homologous chromosomes pair, at least transiently, and use 

regulatory sequence information present on only one homolog to pattern expression from 
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both homologs (Gemkow et al., 1998 and reviewed in HenikofT, 1997; Goldsborough and 

Komberg, 1996). To accomplish pairing of sites on different chromosomes, there must be 

a mechanism by which communication between homologs is facilitated. However, except 

in the case of meiotic prophase, directed, rapid interphase chromosomal movement has not 

yet been observed directly. 

To date, studies on interphase chromosomal movement are limited and somewhat 

contradictory. Some studies suggest that chromosomes are relatively iimnobile during 

interphase. In living HeLa cells, centromeres are generally motionless during interphase 

(Shelby et aL, 1996) and photobleaching studies in isolated interphase nuclei indicate that 

chromosomal reorientational mobility is highly restricted (Abney et al., 1997). In contrast, 

some studies suggest that chromatin can reposition during interphase. The coalescing and 

dispersing of centromeres in cultured cells in late G2 and early G1 (Manuelidis et al., 

1985), the occasional slow movement of centromeres in living HeLa cells (Shelby et aL, 

1996), the random mobility of active transcriptional sites within nuclei (Buchenau et aL, 

1997), the constrained diffiisional motion of interphase chromosomes in living nuclei of 

Saccharomyces cerevisiae and of Drosophila (Marshall et al., 1997) suggest that smiple 

random contacts through diffusion could suffice to allow pairing of homologous sites 

(Fung et al., 1998). The observation of gross chromosomal movements in diploid 

interphase nuclei of Drosophila larvae (Csink et al., 1998), and, most recently the evidence 

that pairing or association of homologous chromosome may be mediated through protein-

protein interaction (Gemkow et al., 1998), all indicate that chromosomes are free to 

undergo substantial Brownian motion. 

A functional significance of interphase chromosome movement is strongly 

suggested by changes in localization of large chromatin blocks during differentiation 

(Demburg et al., 1996a; Janevski et al., 1995), transcription (Buchenau et al., 1997) and 

changing stages of the cell cycle (Bartholdi et al., 1991; Ferguson et aL, 1992; Funabiki et 
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aL, 1993; LaSalle et aL, 1996). However, these results are often explained as a consequence 

of Brownian motion. Because of the long duration of the cell cycle, the observed finequency 

and developmental timing of gene association, apparent movement could result from 

passive processes like random diffusion and capture rather than by active translocation. 

However, most probes used in these smdies were large (PI clones) and/or repetitive and 

thus could only indicate an average position for large chromatin domains rather than 

individual genes. Nevertheless, it is reasonable to imagine that, at certain times in 

development other than meiosis, active modes of gene movement are necessary to facilitate 

intrachromosomal organization and communication. 

In Drosophila, one such time is the mid-blastula transition (cycle 14), when 

important chromosomal patterning events such as dosage compensation (Franke et aL, 

1996), heterochromatin (Lu et aL, 1996) and polycomb (Orlando et al., 1998) silencing, 

homolog pairing (Fung et aL, 1998; Hiraoka et al., 1993) and pairing-mediated transvection 

(Gemkow et al., 1998) occur over a short period of 70-120 minutes. Chromosomes 

undergo significant global and local changes in the interval between telophase 13 and 

mitosis 14. For the first time since fertilization, the centric regions become fully condensed 

into heterochromatin (Foe and Alberts, 1983) with the association of heterochromatin 

binding protein HPl (James et aL, 1989), and position-effect variegation (induced by 

heterochromatin) is first observed (Lu et al., 1996). Dosage compensation is also in place 

by the end of the cycle (Franke et al., 1996), homologous chromosome pairing increases, 

though it is incomplete (Demburg et aL, 1996a; Fung et aL, 1998; Gemkow et al., 1998; 

Hiraoka et aL, 1993 and unpublished data) and most recently the homologous association 

of the BX-C genes suggest a consequence for transvection (Gemkow et al., 1998). Because 

the fate of cells is determined in cycle 14, it is possible that some prelude to eventual 

genomic imprinting by the Polycomb group (TC) proteins is completed at this cell cycle. 

Recent observations suggest that PC proteins are bound to target sequences by the cellular 
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blastoderm stage (Orlando et al., 1998). Thus, we reasoned that cycle 14 is an ideal time to 

examine nuclei for clues to the mechanisms by which chromatin is patterned to express 

such genetic phenomena as transvection and imprinting. 

Here we describe the first direct observation of chromosome movement during the 

mid-blastula transition in Drosophila nuclei. We combine the techniques of in situ 

hybridization and high resolution 3-dimensional computational image analysis with the 

properties of blastoderm embryos, to determine the time course of structural changes in the 

developing interphase nucleus. To discern subde differences in structure between nuclei as 

a fimction of time, it is essential to localize the smallest possible regions within a large 

population of synchronous nuclei whose cell cycle position is known, and whose internal 

structure is as predictable as possible. By these criteria, the cycle 14 embryo is ideally 

suited to the analysis of cellular structure by high resolution imaging techniques. In the 

early embryo, about 6000 synchronous, morphologically identical nuclei lie in a sheet just 

beneath the embryo surface (Foe. et al., 1993). Chromosomes are not only highly ordered 

in the Rabl orientation (centromeres and telomeres clustered at opposite poles), but the 

nuclei themselves are polarized relative to the embryo surface, with centromeres near the 

surface and telomeres at the most interior point This means that any given gene should lie 

at a predictable distance below the embryo surface in all the nuclei (Marshall, et aL, 1996; 

see Figure 1 A). The age of the embryo (thus, time into cycle 14) can be determined in 

fixed embryos within the narrow time frame between 10 and 50 minutes into cycle 14 by 

measuring the length of the nucleus or the length of the invaginating cellular membrane 

(detailed in Gunawardena et aL, 1999a and Schejter et al., 1993). It is this unique regularity 

and large numbers of synchronous nuclei at known ages that allow us to use statistical 

methods to determine accurately the relative positions of hybridization signals as a function 

of cell-cycle positioiL Thus, each fixed embryo represents a snapshot of the living 

organism with a high degree of temporal resolution, and vastly superior spatial resolution 
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to that obtainable with live embryos. Against this orderly backdrop, even subtle changes in 

nuclear architecture, gene location or gene structure are resolved in sharp contrast 

In this study, we examine the nuclear localization and structure of six autosomal 

genes: Hsp70, rosy, cactuSy engrailed/invected, windbeutel and pelle as well as three X-

linked genes, runt. Notch and broad at known times in interphase 14 (see Figure IB for 

the positions of probes used in in situ analysis). Both the small probe size (<10kb) and 

computational image analysis techniques have allowed us to take the first high resolution 

picture of a cycle 14 interphase nucleus in motion. We find that interphase chromosomes 

in cycle 14 nuclei are dynamic and changing throughout the cell cycle. In contrast to 

interphase nuclei examined in the past, our results show that all the genes we examined 

exhibit some form of directed movement: individual loci move simultaneously in all nuclei 

in the field at rates of up to 0.7 microns/minute from the center of the nucleus to the nuclear 

apex. Because there is no apparent direct relationship between gene movement and other 

processes known to act during interphase, such as nuclear elongation, DNA synthesis, or 

transcription, we propose that the chromosomal movement we observe occurs by a novel 

mechanism. Implications of these findings for homolog pairing and pairing-dependent 

phenomena are discussed. 

Materials and Methods: 

Fly stocks: 

All wild-type flies were from an Oregon-R stock maintained at the University of 

Arizona. Two sponge mutant stains (335.11 and 145.11) were furnished by Dr. Eric 

Wieschaus (Postner et al., 1992). The sponge phenotype is profound when the two strains 

where crossed to each other. The sponge phenotype is used here as a control to observe 

gene movement in abnormal spherical nuclei diuing cycle 14. Three tailless (tll2) mutant 
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stains Hn(3R)tia/ln(3R)C. In(3R)tll2/m6B and In(3R)tll2/TM3) with a centromere-

telomeie inversion (85F10-86A1;100A5,6-B1,2), near the tailless gene, on chromosome 

3R (figure 6A) were furnished by Dr. Judith Lengyel (Pignoni et al., 1990; Strecker et aL, 

1988; Streckeret al., 1986). These mutations were used to observe the relationship between 

gene movement and gene position on the chromosome. Unless otherwise stated, flies were 

raised at room temperature. 

Fixation of embryos 

Embryos are collected, fixed, hybridized and mounted as previously described 

(Gunawardena et al., 1995; Gunawardena and Rykowski, 1994). Briefly, Oregon R 

embryos are collected from a population cage for one hour and aged for 30 minutes to 

obtain embryos in cycle 14. The embryos are mass dechorionated in 50% bleach, 50% 

Buffer A (15 mM PIPES, pH 6.8; 80 mM KCl; 20 mM NaCl; 0.5 mM EGTA, pH 7. 2; 

2.0 mM EDTA pH 7; 0.5 mM spermidine; 0.2 mM spermine; 0.1% 2-mercaptoethanol), 

fixed in a two phase medium of 4% formaldehyde (freshly prepared from 

paraformaldehyde, Polysciences, Barrington, PA) or 2% formaldehyde and 2% 

glutaraldehyde (Sigma, Sl Louis, MO) in Buffer A and heptane in equal volumes. The 

embryos are devitellinized by incubating in 50% methanol, 50% heptane at -70°C followed 

by a temperature shock at 37°C for 30 seconds. The embryos are removed from the 

methanol phase and stepped in series into Buffer A. The embryos are used immediately for 

hybridization. 

In situ hybridization 

Plasmid probes were obtained for the Hsp70 (87A7-87C1-3.8 kb), rosy (87D11-

8.1 khX pelU (97F-9.2kb), cactus (35F6-35F12-6.5kb and 2.8kb=9.3kb), 

engrailedAnvected (48A2-4.7kb and 3.8kb=8.5kb), windbeutel (56Cl-7.4kb and 
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8kb=15.4kb), runt (19E2- 9.5kb), broad (2B5-10kb), and Notch loci (3C7-9.9kb (5* end) 

and 9.1kb (3* end)). Probes are prepared by nick translation with biotin-16-dUTP or 

digoxigenin-11- dUTP to generate single-strand lengths averaging 75-150 bases. Embryos 

are prepared for hybridization by incubating with RNase (1 mg/ml) in PBT (0.13 N NaCU 

7 naM Na7HP04,3 mM NaH2P04,0.1% Tween-20, (Surfact-Amp 20-, Pierce, 

Rockford, IL) for 10 minutes. The embryos are stepped into hybridization buffer (50 % 

distilled formamide , l(X)g/inl herring testes DNA, 0.2 ml, 0.1% Surfact-Amp-20,4X 

SSC) and preincubated at 37°C for 1 hr. The embryos are heated to 70°C to denature the 

chromosomes, and the embryos are incubated in fresh hybridization buffer containing 5-10 

g/ml of each probe DNA which was previously denatured. After hybridization at 37°C for 

24 to 36 hours, the embryos are stepped directly into PBT. The embryos are incubated with 

a combination of FTTC or Rhodamin-labeled anti digoxigenin and Texas Red, FTTC 

(Boehringer-Mannheim), Oregon Green^M or Alexa^^^labelled avidin (Molecular 

Probes). After rinsing, the embryos are counter-stained with DAPI (0.1 g/ml) or Hoechest 

33258 (Sigma) (0.5ng/ml) in Buffer A, pH 7.2. The embryos are mounted in Buffer A or 

in approximately 20^ll of Vectorshield^ mounting medium for fluorescence (Vector 

Laboratories) and observed. 

Image acquisition and analysis 

Embryos are observed as described (Rykowski, 1991). To accumulate and analyze 

images, a highly sensitive optical system and computational imaging techniques are used. 

The optical microscope system is a fluorescent wide-Held, optical microscope, coimected to 

a charged-coupled device (CCD) camera (Photometries, Tucson, AZ) cooled to -42°C to 

reduce thermal noise. The camera system has a 12 bit read-out It includes highly selective 

excitation and emission filters, and multichroic mirrors (ChromaTechnologies, Brattleboro, 
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VT). The embryo is roughly 1 mm in length and 0.2 mm in diameter with about 95-132 

fiiUy three-dimensional nuclei per field (an area of 3490|im^) lying just under the surface. 

Optical sections are obtained using a 40X oil objective 1.3 NA D planer apo-chromatic lens 

(Olympus), at 0.2 ^m intervals of focus, in pixels representing about 0.1154 ^m in the 

image plane. We use preparations that show hybridization signals in one and two colors in 

over 50% of the nuclei in the optical field (for a cycle 14 embryo there are 95-132 nuclei in 

an area of 3490^m2; see Foe, et aL, 1983). Using this method, three fluorophores can be 

visualized independendy. 

After collecting data, optical sections are processed to correct hot pixels using a 

nearest-neighbor average. Data stacks are normalized to correct for photobleaching and 

lamp flicker. The data sets are enhanced using both low pass and high pass Gaussian 

Fourier filters (sigma=0.0433 and 2.38 ^m-1), and deconvolved using a constrained, 

iterative technique on a Silicon Graphics Workstation (Applied Precision, Seatde, WA). 

Hybridization signals are mariced interactively using PRIISM (Chen et aL, 1990). Several 

criteria are used when marking the hybridization signals to minimize error and to 

objectively distinguish hybridization signals from background (Gunawardena et al., 1999a; 

Gunawardena et al., 1995). The list of coordinates from two colour hybridizations is 

passed to a Mathematica notebook to verify the pairing of green and red signals, correct 

for alignment using the Generalized Reduced Gradient Method (GRG2) algorithm, and 

determine the distribution of interprobe distances. For the one color data, we obtain gene 

positions as well as the average position of the nuclear siuface to ascertain the distance of 

the gene from the embryo surface for each nucleus. Additional statistical calculations were 

done using Excel workbooks. 
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Determination of embryo age 

Cycle 14 begins (Figuie IB), like the previous 13, with S phase. ONA synthesis 

begins immediately after telophase 13, and proceeds for an additional 35-40 minutes. 

During the first 40 minutes of the 14th interphase, the nuclei change from a spherical to 

prolate elliptical shape, elongating from 5 to 15 |im in depth. To sample the same region in 

each embryo, we collect data from the lateral midline in each case. This part of the emtnyo 

is relatively flat and most of the nuclei are in the same plane of focus, so that the optical 

axis is identical with the nuclear axis. The lateral midline corresponds to mitotic domain 11 

as mapped by Foe and colleagues (Foe, 1989; Foe and Odell, 1988; Foe et al., 1993). This 

region undergoes mitosis 14 at about 81 minutes after the start of interphase 14 and 

differentiates into dorso-lateral epidermis after mitosis 16 (210 minutes after the start of 

interphase 14). The embryos are not observed after about 65 minutes into cycle 14 because 

the cellular migrations that occur in gastrulation complicate the analysis. 

The ages of the embryos aged from 10 to 52 minutes into cycle 14 are determined 

as previously described by measuring the length of the invaginating cell membrane, as 

observed using Hoffman modulation contrast optics, after recording the 3-dimensional, 

multiwavelength data set (Gunawardena et al., 1999a; Schejter and Wieschaus, 1993). The 

relationship between the length of the membrane and the putative age was also previously 

described. Embryo age is determined to an accuracy of 2.5 minutes until about 50 minutes 

into cycle 14, and 5 minutes between 52 and 65 minutes into the cycle. Because membrane 

movement begins 10 minutes after mitosis 13, the ages of embryos younger than that 

cannot be determined. The age of embryos whose membrane length had reached the 

maximum value and whose cephalic but not the anterior or posterior dorsal folds had 

formed is listed as cellularized. We estimate that the ages of all the embryos is accurate to 

within ±2.5 minutes, except the cellularized ones, whose ages are 55-65 minutes. 
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Results: 

The goal of study was to find evidence for genome remodeling during the 

transition between blastoderm and gastrula stages by determining direcdy the structure and 

locations of several genes on three of four chromosomes, in diploid nuclei of DrosophUa 

melanogaster embryos. As mentioned, interphase 14 is a dynamic time during which 

many processes are just beginning to be established for the Hrst time since fertilization. 

Thus we reason that it is an excellent stage in which to examine both global and local 

chromatin changes. The genes used and their chromosomal locations are diagramed in 

figure IB. In the case of Hsp70, rosy, pelle, cactus, engrailed/invected gene pair, 

windbeutel, runt, broad and Notch a single color in situ hybridization technique is used to 

localize the gene within the nucleus. In the case of Notch, the 5' and 3' ends of the gene are 

differentially visualized using a two-color in situ hybridization technique. For all genes we 

estimated the percent of location on each chromosome arm using Bridge's cytological 

maps for polytene chromosomes (Ashbumer, 1989; Lindsley et aL, 1992). 

Genes are in motion during interphase 14 

In our previous study (Gunawardena et al., 1999a), we observed decondensation of 

the Notch gene as the embryo aged in cycle 14. We asked if other genes on other 

chromosomes also showed such a time-dependent structural change. To this end, we 

undertook a systematic study using 9 genes from different locations on the three large 

chromosomes of Drosophila. Since many nuclear processes, such as transcription and 

DNA replication, and epigenetic mechanisms, such as dosage compensation, polycomb 

and heterochromatin silencing, transvection, and position effect variegation, are just 

beginning to become established for the first time since fertilization, we expect to observe 

global chromatin changes during interphase 14 as a consequence of nuclear events. 
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At the beginning of cycle 14, we find experimentally that all loci lie, as is typical at 

earlier cycles, in a slightly skewed (t=0.05) normal distribution. As the embryo age, 

centromere proximal genes migrate from the nuclear interior to the nuclear apex, while 

telomere proximal genes fail to migrate as a population during the first 55 minutes of cycle 

14 (Figures 2B-D, 2G-I and 3ABC). However, we know that these genes undergo motion 

because the frequency distribution of distance from the nuclear apex is more broad and 

complex than expected and the length of individual hybridization signals increases 

substantially, even after nuclear elongation has ceased. We further observed that genes on 

the middle of the chromosome also changes position during the cell cycle (Hguies 2EF). 

Based on the behavior of single-copy genes in earlier cycles (Demburg et al., 1996a; Fung 

et al., 1998; Hiraoka et al., 1993; Marshall et aL, 1996), the hybridization signals from each 

locus should all appear at their Rabl-determined positions in a narrow distribution of 0.5 

microns. As the nucleus elongates by a factor of three during cycle 14, we expect that the 

distribution for each gene should broaden proportionately. 

Changes in the position ofHspJO gene cluster 

The Hsp70 gene cluster is located in two clusters of two and three genes, on 

chromosome arm 3R. These loci are about 1/3 (or 30%) of the way down the euchromatic 

portion of the chromosome arm, and because the total nuclear depth at the beginning of 

cycle 14 is about 5 microns, we predicted that the Hsp70 gene would lie at a depth of about 

1.7±0.5 microns below the nuclear ^x at the begiiming of the cell cycle, and would end 

the cell cycle at 5.1±1.5 microns below the nuclear apex (see Figure lA). Moreover, since 

we are observing two closely spaced, but independent loci, we expected a slightiy larger 

variation in signal position than is normally seen with single-copy genes. 

At the beginning of cycle 14, we find experimentally that the signals lay, as is 

^ical for Hsp70 signals in earlier cycles, in a slightly skewed (t = 0.05) normal 
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distribution (mean = 1.4±0.7, n=51) below the nuclear apex (representing 30% of the 

nuclear depth). As the embryo ages, however, we find a rather striking movement of the 

loci over time. During the first part of the cell cycle (corresponding to S phase), the loci 

move to a wider than expected range of nuclear depths, covering over 60% of the nucleus, 

a distribution about 2 times broader than expected. In the second part of the cell cycle 

(corresponding to G2), the distribution narrows, and becomes centered at a position 

increasingly close to the surface of the embryo, indicating that the entire population of 

genes migrates toward the nuclear apex. Figure 2A shows a sorted histogram of the 

nuclear positions of 50 randomly selected hybridization signals from five different data sets 

selected from several different embryo preparations. The first data set is from an embryo 

34 minutes into cycle 14. The hybridization signals occupy a range of positions firom about 

4 microns to about 12 microns below the nuclear apex. As the embryo ages further, there 

is a systematic movement of the heat shock loci from this central position toward the 

nuclear apex (Figure 3 A). Simultaneously, the distribution narrows from a range of about 

9 microns (mode 9^m) at 34 minutes to a range of less than 4 microns at cellularization 

(mode=1.6(im) (55-65 minutes into cycle 14), and the median lies about 6 microns closer 

to the surface at 55 minutes than it does at 34 minutes. Thus the rate of migration is about 

0 Spm/min Notice that the data collected from the youngest embryo show almost no 

overlap with those from the eldest As expected for a signal derived from two loci, the 

distribution is broad, but there is a systematic and monotonic change in the distribution of 

nuclear positions in embryos aged about five minutes apart. We conclude from these 

observations that the Hsp70 gene moves actively during 20-30 minutes in the second part 

of cycle 14 from the middle 60% of the nucleus to the upper 25%. 

Chromosomes do not move as units during interphase 

We next asked if the movement and self-association of the Hsp70 genes is part of a 
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general association of genes from the same chromosomal region, or is it, instead the 

consequence of Hsp70 inactivity. To test this hypothesis, we chose an active locus from the 

same region of chromosome 3R, the rosy locus, to determine the relationship, if any, 

between the movements of the two genes. The rosy probe is single copy and leads, as 

e}q)ected, to a single spot representing each homolog. In contrast to the results presented 

for Hsp70, we find that the rosy locus moves as a reasonably tight (but not normal) 

distribution with a major mode at about 7 microns below the nuclear apex at 31 minutes, to 

a slighdy broader distribution with a mode of about 9 microns below the surface at 46 

minutes (representing 60% of nuclear depth). The distribution at cellularization has a major 

mode at about 1.65 microns below the nuclear apex, more interior than that of the Hsp70 

cluster at the same time. Sorted histograms of the two phases of rosy movement are 

shown in figure 2B. Note that the first histogram shows data from embryos aged between 

31 and 46 minutes, and the second, embryos at later ages. For comparison, the 46 minute 

data are repeated in the second graph. The histograms clearly show a steady increase in 

distance from the nuclear apex until 46 minutes, followed by a steady decrease up to 

cellularization. To more easily visualize the differences in population movements during 

the cell cycle, we have also displayed the frequency distribution of selected data sets in 

figiire 4A and B, respectively, for Hsp70 and rosy. In contrast to the monotonic movement 

of the Hsp70 clusters, the rosy gene actually changes direction during our observation 

period, moving an average of 7.5 microns in the period between 45 minutes and 

cellularization. Because the pattem of movement of two adjacent genes, the Hsp70 cluster 

and rosy, are different, we conclude that the motion of individual loci is independent Since 

one gene is active and the other inactive, we conclude that movement, per se, does not 

depend on the transcriptional state of the locus. Surprisingly, although rosy is a single-copy 

gene, the distributions of its nuclear position are almost as complex as they are for Hsp70, 

and probably indicate that the rosy gene position falls into several populations. 
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Centromeric proximal genes on other chromosomes also migrate 

We further observed the behavior of two other centromeric proximal genes on 

different chromosomes. The cactus gene located on chromosome 2L and the runt gene 

located on chromosome X also migrate from the nuclear interior to the nuclear surface, but 

not to the same extent as observed for Hsp70 and rosy. Both cactus and runt migrate first 

to the interior, and than later towards the nuclear apex (Figure 2D&C). cactus moves at a 

somewhat dght distribution with a major mode at 1.5 microns below the nuclear ^x at 21 

minutes (representing 30% of nuclear depth) representing its Rabl orientation, to a 

somewhat broad distribution with a mode of 2.3|im at 40 minutes (Figure 2D). At 45 

minutes however, similar to rosy, cactus too changes directions and moves towards the 

nuclear apex with a major mode at 1.6^m (10% of nuclear depth). Similarly, runt also 

moves towards the nuclear interior, although at a faster rate (0.24^m/min) than both rosy 

(O.lfim/min) and cactus (0.04nni/min). runt migrates from a major mode of 1.9|im at 22 

minutes to a mode of 2.2 at 34 min (Figure 2C and 3B). runt also changes direction but 

much earlier than cactus and rosy, at 34 minutes moving to the nuclear interior, at a much 

slower rate (0.05|im/min) than either rosy (0.77jim/min) or cactus (0.13^im/min). Unlike 

both Hsp70 and rosy, these genes comes back to more or less their original Rabl position 

at cellularization {cactus 1.48pim at 21 minutes and 1.6|im at cellularization and runt 1.9[im 

at 22 minutes and 1.2^m at cellularization). Although nmt and cactus are located about 5% 

and 10% of the euchromatic portion of the chromosome arm, they both show some 

similarity in the pattern of migration unlike Hsp70 and rosy which are both located about 

1/3 (or 30%) of the way down the euchromatic portion of the 3rd chromosome arm. Thus, 

centromere proximal genes on chromosomes X and 2 migrate in a similar pattern and rate, 

while centromere proximal genes on chromosome 3 migrate in a similar fashion, they 

behave diffetendy to each other and to other centromeric genes. Further, the rate of 

migration is quite different between chromosomes, with centromeric genes on 
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Genes near the telomere become extended late in cycle 14. 

The results we have presented indicate that genes in adjacent nuclei move 

simultaneously over great distances during interphase. All of the genes discussed thus far 

lie proximal to the centromere. Experiments in our laboratory showed that the broad 

(Figure 2H and 4D), and Notch loci (Hgure 2G), located near the telomere of the X 

chromosome, and pelle (Figure 21 and 3C) located near the telomere of the 3rd 

chromosome, although showing some variation, fail to migrate as a population toward the 

nuclear apex during the Hrst 55 minutes of cycle 14. Based on the location of Notch and 

broad on the X chromosome, these genes are located 90% and 95% of the euchromatic 

portion of the X chromosome arm respectively and pelle, 85% of the 3rd chromosome 

arm, but all 3 are located about 70-80% of the nuclear depth. However, we know that these 

genes undergo motion because the frequency distribution of the distance from the nuclear 

apex is more broad and complex than expected and the length of individual hybridization 

signals increase substantially, even after nuclear elongation has ceased. We were interested 

in determining the extent and direction of telomere proximal gene expansion. To visualize 

the extension at extreme levels of both temporal and spatial resolution, we used 

hybridization probes from the 5' and 3' ends of the Notch gene (center-to-center 

distance=29.2 kb) and measured the distance separation between the two hybridization 

signals. 

Two-color data sets were collected from 6 male and two female embryos aged 

from less than 20 minutes into cycle 14 to over 55 minutes into cycle 14. A sorted 

histogram of interprobe distances from 50 randomly chosen nuclei is presented in figure 

5A. Mtially, we turn our attention to the male data sets (solid lines). It is evident that the 

distance between the 5' and 3' ends of the Notch gene increases throughout interphase 14. 
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At 26 minutes into cycle 14 (when the gene is likely to be completely transcribed), the 

profile demonstrates that many nuclei contain highly elongated Notch genes. Even after 40 

minutes, when the nucleus stops elongating and the cell cycle enters G2, the Notch gene 

continues to expand. By the end of our observation period, gastrulation, the separation 

between the 5' and 3' hybridization signal range from 0.2 to 4 microns. The frequency 

distribution of interprobe distances is neariy Oat, suggesting that the gene is able to assume 

a continuimi of conformations. We also find that the shape of hybridization signals in older 

embryos is considerably more elongated than those in younger ones, consistent with the 

observation that the gene appears to be extended. Combining the extension of the individual 

hybridization signals with the increased intersignal distance, we calculate that the contour 

length of the DNA in the most extended Notch genes is approximately the same as for 

naked DNA. From this experiment, we conclude that interphase movement occurs within 

genes, even when the nuclear position of the gene population relative to the nuclear apex 

does not change significantiy. This suggests that either individual genes are moving from 

an equilibrium position, or that individual genes are expanding, a variable amount from 

their centers of mass. 

Genes on the middle of the chromosome also move 

We next determined whether genes on the middle of the chromosome also show 

movement of the same magnitude. To this end, we chose two genes located on the middle 

of chromosome 2R, the engrailedAnvected gene pair and windbeutel. We found that both 

the engrailedAnvected gene pair and windbeutel also change position in varying degrees 

during the cell cycle. Initially, engrailedAnvected shows a broad and complex distribution 

with a major mode about 6 microns below the nuclear apex that differentiates into a 

broader, bimodal distribution with major naode at 2-3 microns below the nuclear apex and 

a minor mode 8-10 microns below the nuclear apex at cellularization (Figure 2E). Figure 
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4C illustrates the fiequency distribution differences for three different data sets at 36 

minutes, 40 minutes and cellularization. windbeutel on the other hand shows a broad and 

complex distribution from 21 to cellularization, but the major mode changes from 4.1 to 

5.4 pjn (Figure 2F). The mode is highest at 33 minutes into cycle 14. The 47 minute 

embryo migrations towards the nuclear apex at a rate of 0. l|im/min, but the cellularlized 

embryo changes direction and moves interior. 

Unlike the other loci, the position of the engrailedAnvected and windbeutel loci 

within the nucleus appears to depend somewhat on the position of the nucleus along the 

embryo surface. That is, adjacent nuclei are more likely to contain genes at similar 

distances from the nuclear apex (not shown). engrailedAnvected are segmentation polarity 

genes and windbeutel is a dorsal-ventral patterning gene. A correlation between the 

engrailedAnvected "position patches" and the fate maps of this region, the mitotic 

domains, or the stripes of engrailedAnvected expression is not apparent at this time. The 

expression pattem of windbeutel is also not known. Although this patchiness bears further 

attention, a much larger sample of aged wild type and mutant embryos must be examined 

before we can determine its biological importance. Significantly, the asynapsed signals in 

individual nuclei always appear at about the same distance from the nuclear surface. This is 

also true for signals for other genes; that is, no matter how varied the distance from the 

nuclear surface within a dataset, the signals within a single nucleus are at very similar 

distances from the nuclear apex. 

Effect of transcription on gene movement 

Transcription has been proposed to result by the association of active genes via their 

associated transcription complexes, causing translocation and pairing (Cook, 1997). 

Lihibitors of transcription, such as alpha amanitin and aphidicolin (Haaf et aL, 19%) and 

heat shock treatments (Maldonado et al., 1993) are often directly used to study the effect of 
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transcription. However, these treatments cause premature decondensation and condensation 

of chromatiiL For this reason, we begin our analysis by considering the behavior of a 

transcriptionally silent gene. Very few genes are known to be silent during early 

embryogenesis; among the exceptions are the heat shock loci and the best studied of these 

is Hsp70. Contrary to what was expected, we observe the silent gene migrating from the 

nuclear interior to the nuclear apex at a rate of 0.5|im/min (Figure 2A), similar to the gene 

movement observed for 8 transcriptionally genes (Figure 2BCDE and 5A). Thus, 

transcription per se is not required for gene motion, however, transcriptional activity in the 

vicinity of these genes might conceivably have an effect indirecUy. 

We next asked if the shape and relative positions of the Hsp70 hybridization signals 

(arising from 2 sites on each of the two homologs) indicate anything about the way 

movement occurs. Example of hybridization signals from different embryos are shown in 

figure 3A. In these images, the data set has been computationally rotated and projected to 

reveal the 3-dimensional structure of the signals. The view is a cross-section through the 

nucleus, with the embryo surface at top, and the embryo interior at bottom. Note that in all 

the images, the hybridization signals are punctate, but localized to a relatively small area. 

We find that even though the signals occupy a wide range of positions from one nucleus to 

the other, the signals from a single nucleus are invariably clustered. The images extracted 

from the data sets also demonstrate the increasing association of the loci into two distinct, 

elongated bundles, as well as their translocation from the middle of the nucleus to its apex. 

Thus, the signals in the younger data sets are more compact while those in the later data 

sets are more elongated, suggesting that the gene in the later data sets may have been 

subjected to more sustained stretching than those in the younger embryos. We conclude 

that the heat shock loci translocate to a position near the nuclear apex as the clusters from 

one homolog associate in a defined region. The rate of movement, averaging about 4 

microns in 20 minutes, with a maximum speed of 8 microns in 20 minutes, is very rapid 
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compared to what might be expected for random walk diffusion (Sachs et aL, 1995 and see 

Discussion). Moreover, the movement is directed toward the nuclear apex, opposite to the 

direction of nuclear elongatioiL 

Effect of DNA replication on gene movement 

It is now well established that replication occurs in fixed locations in mammalian 

cells and these observations have been confirmed for DNA replication in Drosophila 

(Yamaguchi et aL, 1992). DNA is observed moving out of fixed centers in mammalian 

nuclei, indicating that DNA polymerase can act as a motor to bring about DNA 

translocation (Hozdk et al., 1993). Moreover, RNA polymerase has been shown to be a 

motor more forcefiil than any of the traditional motors known (Yin et al., 1995). All of 

these observations suggest that translocation can occur as a result of DNA polymerization. 

Due to lack of and difficulty in acquiring replication mutants, we used an alternate 

approach to observe the effect of replication on chromatin. We investigated the effect of 

gene movement in both S and G2 phases during interphase 14. The first 35 minutes of 

cycle 14 consists of the S phase. Since DNA replication occur during S phase and not 

during G2 phase, we expect dramatic changes in chromatin structure at the beginning of 

cycle 14. Instead, we observed that the rate of movement and the interprobe distance 

separation both increase even after 35 minutes, when euchromatic genes have completed 

replication (Figure 2 all and 5A). Although replication may account for some of the 

broadened distribution of genes we observe during the first part of the cell cycle, it cannot 

solely be the cause of gene movement. A great deal of gene distortion seems very 

reasonable since gene motion might be required to distribute the contents of the compact 

nucleus early in cycle 14 to one roughly three times the volume within about 30 minutes. 
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Effect of nuclear elongation on gene movement 

Starting 10 minutes into cycle 14 and continuing for another 30 minutes, nuclei 

elongate firom spherical to ellipsoidal Forces generated by nuclear elongation coupled with 

the "pressure" of the invaginating plasma membrane on the nucleus, might effect 

chromatin morphology. We determined the effect of nuclear elongation in two ways. First, 

we argue that if nuclear elongation was responsible then we should observe profound gene 

movement during the first 40 minutes of cycle 14 and movement should subside there 

after. Instead we observe gene movement even after nuclear elongation has ceased (Figure 

2 all and 5A). Striking movement is observed for rosy (rate of movement =0.7^m from 

46min to cellularization) and for Hsp70 (rate of movement = 0.5|im from 34 minutes to 

cellularization). Furthermore, extremely extended hybridization signals are observed after 

40 minutes for pelUy broad and Notch loci. 

We next observed telomeric gene extension in mutant embryos were nuclear 

elongation was disrupted. A preliminary smdy of the Notch gene behavior in spherical 

sponge nuclei was previously described (Gunawardena et al., 1999a). We further analyzed 

chromatin changes in sponge mutatns using pelle and broad. The results for pelle and 

broad genes are consistent with our observations for the Notch gene, indicating that there is 

no correlation between nuclear shape or nuclear volume and gene extension (Table 1). For 

example, in a 40 minute embryo, within ellipsoidal nuclei the 47 volume nucleus has 

a 2.97^m long gene, similar to the elliptical 26|im^ volume nucleus. Within spherical 

nuclei a round compact signal is observed in nuclei that are 15.7|jm3 and IS.Qpim^ in 

volume, although other nuclei that have a similar volume contain genes that are extended 

l.SS^m and 1.69Mm in length respectively (Table 1). In figure 56 we show a montage of 

two spherical and elliptical sponge nuclei containing differently extended genes all within 
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the same 40 minute embryo. In a 40 minute wild type embryo, the Notch gene is located at 

about 70% interior of the nucleus in both 5pm spherical and 15 )im elliptical nuclei, 

suggesting that the position of the gene within the nucleus does not change. In contrast, 

within sponge nuclei at the same age, we observe that the telomeric genes are at different 

locations within the nucleus, within the same embryo (Figure 5C and 56 ). Profound 

movement is observed within elliptical sponge nuclei. In elongated sponge nuclei, the 

Notch gene moves from 0.2pm to 11.5pm (5% to 90% within the nucleus), about 5 to 6 

times the distance than in wild type nuclei at 40 minutes in cycle 14. Thus, the telomeric 

genes are **bouncing" randomly within sponge nuclei, indicating that the normal Rabl 

orientation is disrupted in these nuclei, possibly a consequence of detethering of the loops 

or a defect in nuclear envelope attachment 

We also investigated the the interprobe distance separation of the Notch 5' and 3' 

probes as a consequence of time within sponge nuclei. Preliminary observations suggest 

that there is no increase in interprobe distance in the Z or XY direction, as was expected for 

large spherical sponge nuclei or for elliptical sponge nucleL However, there is some 

indication that the 5' end still lies below the 3' end, the orientation that was observed in 

wild type embryos (Table 2 and Gunawardena et al., 1999a). These observations indicate 

that gene extension is not solely controlled by nuclear elongation, but instead that chromatin 

order or organization is possibly influenced by cytoskeletal-chromosomal attachments that 

are now disrupted within the sponge nucleus. 

Effect of homolog pairing on gene elongation 

We further asked whether the extent of movement is related to homolog pairing. 

Synapsis of homologs is virtually universal in tissues of larvae and adults, but has been 

shown to be incomplete until after cycle 14 in embryos (Hiraoka et al., 1993). 

Nevertheless, because there is significant synapsis compared with earlier cycles, it is likely 
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that the machinery iesp<xisible for homolog pairing is activated or active in cycle 14 and 

this might affect gene movement To test this hypothesis, we examined the extent of Notch 

gene elongation in two female embryos, which have two copies of the gene in each 

nucleus, with those of the male data sets, in which each nucleus contains a single copy of 

the Notch gene. We reasoned that if homolog pairing were responsible for gene elongation, 

loci with no pairing partners should be less extended than those in which two homologs 

were attempting synapsis. Our results (Rgure 5A, dotted lines) show that the extent of 

intragenic movement in females is about that predicted based on the male data, suggesting 

that the ability to pair does not profoundly affect gene movement However, we caimot 

exclude the possibility that intragenic movement is caused by the attempt to pair, rather 

than the actual ability to do so. 

The position of the gene on the chromosome directs gene movement 

In comparing the freqiiency distributions and sorted histograms for 9 genes, we 

observe that centromere proximal genes migrate from the nuclear interior to the nuclear 

apex (Rguies 4AB and 2ABCD), while the telomere proximal genes do not (Rgures 4CD, 

and 2GHI). However, the telomere proximal genes appear to extend along the nuclear axis 

as the embryo ages in cycle 14. To determine whether the position of the gene on the 

chromosome directs the amount of movement within the nucleus, we used a mutant stain 

that contained a centromere-telomere inversion on chromosome 3R. The breakpoints on 

chromosome 3R are from 85F10-86A1;1(X)A5,6-B1,2 by the tailless gene (Figure 6A). 

In this care, the inverted Hsp70 is now proximal to the telomere about the same distance as 

wild type pelle (at 85% of the way on the chromosome arm), while inverted pelle will be 

proximal to the centromere (at 30% or 1/3 of the way in chromosome 3R, Hgure 6A). If 

the position on the chromosome affects gene migration within the nucleus, inverted pelle 

should now migrate in a similar pattern and rate per minute to the wild type Hsp70 gene 
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cluster, while inverted Hsp70 should behave similar to the wild ^pe pelle. 

Our preliminary observations are consistent with our hypothesis in that the inverted 

pelle gene migrates within the nucleus, although at much slower rate (0.2microns/min) 

than observed for the wild type Hsp70 gene (0.5microns/min) cluster and wild type rosy 

(0.77microns/min (Figure 6B and 6D). Moreover, the Hsp70 gene cluster does not move 

within the nucleus. In figure 6D, we compare frequency distributions of the inverted pelle 

and Hsp70 to the wild type Hsp70, rosy and pelle genes. These results indicate that there is 

some correlation between the position of the gene and gene migration within the nucleus. 

Further within a cellularized embryo the inverted pelle gene is still extended along the 

nuclear axis, similar to wild type pelle, while the inverted Hsp70 gene is compact, in 

contrast to the wild type Hsp70 at this time (Figure 6C). These observation indicate that 

there is some chromatin organization or order within a gene and periiaps within regions of 

the chromosome. The Hsp70 gene cluster have been proposed to be organized in its own 

loop (Miikovitch et al., 1984), while Notch a telomere proximal gene is part of a larger 

loop (Gunawardena et al., 1999a). Thus it is possible that telomere proximal regions 

contain not only large genes (>l(X)kb), but are organized into larger loop domains, while 

centromere proximal regions contain smaller genes (Histone and Hsp cluster), each gene 

organized in its own loop domain. Detailed analysis is further needed to investigate this 

possibility. 

Discussion: 

We have presented the first evidence that genes can translocate at rapid speeds, 

sometimes over great distances, during interphase in cycle 14 Drosophila embryos. Our 

results (summarized in Hgure 7A), show that early in the cell cycle, all the genes reside in 

a nuclear location ^propriate to their positions along the chromosome, indicating that the 

chromosomes are in the Rabl orientation. As the cell cycle proceeds, however, nuclear 
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order appears to break down, with all genes dispersed to a wider range of nuclear positions 

than eTcpected based on their positions early in the cell cycle. Then, near the end of S-phase, 

a striking reorganizadon takes place, with the Hsp70 genes on chromosome 3 moving 

away from the direction of nuclear elongation, back toward the nuclear apex. Meanwhile, a 

nearby gene, rosy, cactus on chromosomes 2 and runt on chromosome X moves Hrst 

towards the nuclear interior and then toward the nuclear apex, with a rate and timing 

different from that of the Hsp70 genes, engrailed/invected and windbeutel also move 

toward the nuclear apex, with an all together different pattern of motion and much more 

slowly. 

The more telomeric genes, pelle, broad and Notch, do not move as a population 

toward or away from the nuclear apex during the cell cycle, although the hybridization 

signals become extended. In the beginning of cycle 14, the active Notch gene is almost as 

condensed as it is in its inactive state in polytene chromosomes, interprobe distance about 

0.2 microns (Rykowski et al., 1988). Later, as the nuclei elongate, the gene decondenses. 

Even after nuclear elongation is complete, the gene continues to extend, to as much as 4 

microns. The degree of extension is highly variable, and is independent of pairing. 

Consistent with the increased distance between 5' and 3' probes, the hybridization signals 

themselves also elongate. 

We conclude that the nucleus of embryos in the mid-blastula transition is highly 

plastic, with genes moving great distances. Moreover, the movement is too rapid to result 

from processes of Brownian motion (Marshall et aL, 1997) or random diffusion 

(Buchenau et al., 1997). Given their observed diffusion constant of between 10-12 to 10*^1 

cm^/sec, Marshall and colleagues (Marshall et al., 1997) conclude that chromatin should 

take roughly one to ten minutes to diffuse 1 micron in a random direction. However, we 

observe rapid movement of genes averaging about 2 to 5 times faster (0.77 
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microns/minute) and over long distances (5-10 microns). Moreover, gene movement is 

directed, with individual loci moving independently of each other and synchronously in the 

entire population of nucleL Because of the timing, extent and directionality of movement, 

we propose that interphase chromatin movement in Drosophila embryos is mediated by an 

active mechanism. 

What can be responsible for gene motion in interphase? There is no evidence to 

suggest a direct structural relationship between the cytoskeleton and the chromosomes 

within the nucleus. However, chromatin interactions with other nuclear structures have 

been observed. The association of specific chromosomal sites to the nuclear envelope 

(Chung et aL, 1990; Hochstrasser et al., 1986; Marshall et al., 1996; VourcTi et al., 1993), 

lamin and lamin associated proteins bound to mitotic chromosomes (Foisner et aL, 1993; 

Ye et aL, 1996) and naked DNA (Luderus et al., 1994), the naked DNA binding ability in 

at least one nuclear pore complex subunit (Sukegawa et al., 1993), the localization of 

transcribed sequences near the nuclear periphery (Hutchison et aL, 1985; Jackson et al., 

1993; McPherson et aL, 1993; Xing et aL, 1993), the organization of chromatin in 

functionally active domains that accommodate both transcription and replication (Almouzni 

et aL, 1993; Jackson et aL, 1998a; Lucchini et al., 1994; Xing et al. et aL, 1993; Blow et al., 

1988; Hozak et al., 1993; Jackson et al., 1998b; Newport et al., 1996), and most 

prominently the hint that actin/myosin aggregates in interphase nuclei (Weber et aL, 1995; 

Milankov et aL, 1993), not only suggest interactions between chromatin and nuclear 

structures, but indirecdy indicate that the cytoskeleton must also play a role in the rigid 

organization. Our preliminary results in abnormal spherical sponge nuclei indicate that 

there is no apparent correlation between nuclear shape and gene extension. Thus indicating 

that nuclear shape change has no direct affect on the Notch gene extension nor the increase 

in Notch interprobe distance separation. Although contrary to wild type nuclei, the position 

of the Notch gene within spherical sponge nuclei change (Figure 5AB). In wild type nuclei. 
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Notch which is located near the telomere on the X chromosome is observed towards the 

embiyo interior, consistent with the Rabl orientation, with no movement within the 

nucleus. The apparent disruption in nuclear order observed in sponge nuclei not only 

indicate that chromatin interacts with other nuclear structures but also hint at the possibility 

that chromatin associates with components of the cytoskeleton. Thus, still knowing litde, it 

is possible that the order within the nucleus is not governed primarily by nuclear 

components, but is also regulated by cytoplasmic components, a consequence of global 

networking. 

Chromosomal movement during mitosis and meiosis is well studied and known to 

be mediated by molecular motors. No traditional motors are known to occur in detectable 

numbers in interphase nuclei of Drosophila except at the centromeres (Afshar et al., 1995; 

Weiner et al., 1994), and no microfilaments or micrornbules extend into the nucleus on 

which such motors could ride (Kellog et al., 1988). The action of the nod kinesin-like 

protein at meiosis might give us a hint as to the forces that are involved within the nucleus. 

Molecular and cytological studies suggest that the NOD protein acts at meiosis to produce 

an anti-polar force that counteracts the poleward force operating at the centromere 

(Theukauf et aL, 1992). Thus the NOD protein is the physical equivalent of the so called 

"polar-ejection force" (Hawley et aL, 1993a; Szauter et al., 1984), the force that during 

spindle formation serves to hold paired but achiasmate chromosomes in the main 

chromosomal mass at the metaphase phase, by pushing them against each other. However, 

during interphase, a broader class of motors, the polymerases, and another source of 

energy, possibly nuclear elongation, present alternatives to the motive forces utilized in 

both meiosis and cytoplasmic transport We therefore consider how known sources of 

movement, replication, nuclear elongation and transcription, might contribute indirecdy to 

gene movement in the G2 phase of the cell cycle. 

It is now well established that replication occurs in fixed locations in mammalian 
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cells and these observations have been confirmed for DNA replication in Drosophila 

(Yamaguchi et al., 1992). DNA has been seen moving out of fixed centers in mammalian 

nuclei, indicating that DNA polymerase can act as a motor to bring about DNA 

translocation (Hozdk et al., 1993). Moreover, RNA polymerase has also been shown to be 

a motor more forceful than any of the traditional motors known (Yin et al., 1995). All of 

these observations suggest that translocation can occur as a result of DNA replication and 

polymerization. Add to that the motion required to distribute the contents of the compact 

nucleus early in cycle 14 to one roughly three times the volume within about 30 minutes, 

and a great deal of gene distortion seems very reasonable. All of these processes occur 

during S-phase, and indeed, may account for some of the broadened distribution of genes 

we observe during the first part of the cell cycle. 

Once those processes cease, however, their effect may still be felt The 

chromosomes, essentially very long polymers, have a tendency to coalesce into loosely 

defined globular domains if no external force is applied, much like a coil spring at rest. 

DNA replication and nuclear elongation can transfer energy into the chromosomes by 

changing them into the less energetically favorable extended form, like a coil spring with a 

load attached. As the elongating forces subside, we expect relaxation of the chromosomes 

toward their centers of mass through a process of random diffusion. That is, for a 

metacentric chromosome, telomeres and centromeres should move slowly together, with 

the telomere movement being the mote extensive (Sachs et al., 1995). Our results are 

inconsistent with this simple model in that we see no motion of telomeric genes toward the 

centromere. 

The random walk giant loop model for chromosome dynamics (Sachs et al., 1995) 

assimies that chromosomes are free to move within a spherical nucleus, when in fact we 

know that they are tethered at cfefined chromosomal sites to an ellipsoidal nuclear envelope 

(Marshall et al., 1996), and peiliaps to nuclear matrix sites as welL In that case, we might 
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e3q>ect random movement toward local centers defined by the attachment sites. To ccmsider 

whether our results are consistent with this model, it is most instructive to consider the 

relative chromosomal movements within a single gene. For example take the Notch gene, 

which we have studied extensively (Gunawardena et al., 1999a; Gunawardena et al., 1995). 

Because of the degree to which the Notch gene becomes extended, we concluded that if it 

is contained in a loop at all, the loop must be much larger than the 40 kb gene itself. Thus, 

the entire Notch gene should comprise some portion of a single domain deOned by various 

attachment sites. If so, and if the chromosomal motion we detect is actually polymer 

relaxation, we would expect that the Notch gene, along with broad and pelle would 

become more condensed during G2, when in fact, it becomes less so. Thus, we conclude 

that relaxation of a polymer distorted by the active processes of replication and nuclear 

elongation is not the cause of chromosomal movement in G2. 

Can transcriptional decondensation account for our observations? As we have seen, 

the inactive Hsp70 loci also migrate in these nuclei, so transcription per se is not required 

for motion. However, transcriptional activity in the vicinity of these genes might 

conceivably affect them indirectly. Results of others have shown that nuclear division 

disrupts transcription (Shermoen and OParrell, 1991), which resumes at the beginning of 

interphase. The transcription elongation rate has been estimated to be 1.1-1.4 kb/minute 

(Shermoen and OTarrell, 1991; Thummel et al., 1990). If we assume that most 

transcription restarts at the beginning of interphase and proceeds at the rates determined for 

other genes, and that genes average 50 kb in length, most will be completely transcribed by 

the beginning of G2. The older embryos used in this study are at least 30 minutes into 

cycle 14, so most genes are likely to have undergone between one and two complete 

rounds of transcription; any movement that occurs as a result of transcription should have 

been completed by this time, but we observe that movement continues until the end of the 

cell cycle. Moreover, disruption caused by transcription machinery might be expected to 
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lead to broadening of the gene distribution, as is seen in the S phase of the cell cycle, but 

not the more directed movements of G2. We conclude that transcription alone is 

insufficient to explain our result 

What, then, is the mechanism by which genes translocate in the interphase nucleus? 

We have examined the movement of several genes, and all of them show different patterns 

of movement All exhibit complex distributions, even when the probe is single-copy and 

even when the population as a whole is static, suggesting that each population comprises 

several subpopulations at different positions. We also notice that when large-scale 

movement occurs, it seems to extend down to the same distance, 9-10 microns below the 

nuclear apex. We propose a mechanism in which genes are sequentially drawn into the 

nuclear interior, by some force or pressure and then, by degrees, moved back to their 

normal, Rabl-determined positions. The different patterns of movement could all be 

explained with the assumption that each gene moves to the nuclear interior at its own 

characteristic rate and time, and that it spends a characteristic amount of time in the nuclear 

interior. In the case of Hsp70, the movement down begins early in the cell cycle, the gene 

remains in the interior for a moderate period of time (5-10 minutes), and then the genes 

rise to the surface over a period of about 20 minutes. On the other hand, the rosy gene, 

although quite close to the Hsp70 gene cluster, starts later than Hsp70, moves into the 

interior more rapidly and spends almost no time there before regaining its Rabl position, 

similar to cactus on chromosome 2R and runt on chromosome X. The 

engrailedAnvected and windbeutel both located somewhat on the middle of the 

chromosome begins moving to the interior about the same time as rosy, cactus and mm, 

spends the least amount of time in transit and only a moderate amount of time in the 

interior. Because all of these events seem to be coordinated among individual nuclei and is 

consistrat from one embryo to the other, it is reasonable to propose that the signal to 

initiate movement, as well as the machinery for gene motion itself, are regulated by 
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components of the cell cycle control system. 

How might the cell cycle machinery be used to direct gene movement? Perhaps 

chromosomal movement occurs by a controlled, incremental and localized condensation of 

chromatin, such as that seen on a large scale in prophase. Although it results in the 

con(fensation of the entire genome, prophase condensation in Drosophila embryos begins 

at discrete points at the nuclear midline and propagates in an orderly way to other regions 

of the nucleus (Hiraoka et al., 1989). It depends on the activity of cyclin-dependent kineses 

(which phosphorylate histone HI), as well as topoisomerase and a number of recently 

discovered molecules (reviewed in Heck, 1997; Strunnikov, 1998) that cause the 

condensation of chromatin fibers. We have never observed euchromatin condensation 

outside of prophase, and we know that even loci as close as Hsp70 and rosy move 

independently, so only limited regions of the chromosomes are likely be condensed at any 

specific time. Interphase condensation, then, could depend on modifications of the same 

systems as those used in prophase, to assure that condensation remains localized. 

Figure 7B illustrates one possible scenario. The entire chromosome arm comprises 

five loops (blue lines), consistent with the observation that each arm has an average of five 

close contact sites with the nuclear envelope (Marshall et al., 1996). The loops are joined to 

each other by a backbone (not shown) as proposed for mammalian chromosomes (Liu et 

al., 1997; Ostashevsky et al., 1998; Sachs et al., 1995; Saitoh and Laemmli, 1994; Yokata 

et aL, 199S). During S phase (0-40 minutes), the forces of nuclear elongation combined 

with reeling through fixed replication factories causes derangement of the orderly loop 

structure. After dispersal of the replication factories during G2, the chromosomal backbone 

undergoes a series of contractions, starting distal of the center of the chromosome. These 

contractions bring the loop origins to 9-10 microns below the nuclear apex. Following this, 

the loop itself condenses, bringing all the associated genes toward the interior of the 

embryo. Genes near the loop origin (green sphere) will be driven interiorly first, followed 
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by those genes near the middle of the loop (red sphere). Eventually, active contraction of 

the proximal portion of the backbone brings all the loci back to their original (Rabl) order. 

Parenthetically, rosy has been shown to lie in the middle of a putative loop (Mirkovitch et 

al., 1986), while Hsp70 genes are closely associated with SARs (scaffold-associated 

regions (Mirkovitch et aL, 1986; Miikovitch et al., 1984 and scs's (special chromatin 

structures) Udvardy et al, 1985) or MARs. Obviously, a novel motor and fiber system 

could take the place of chromosomal contraction; in either case, the apparendy compl» 

gene movements we have observed are all consistent with the modeL Confirmation of this 

or any other model must await further experiments, including inhibitor studies, temperature 

dependence studies, and further analysis of gene movements. 

What might be the function of chromosomal movement? Perhaps it is most 

instructive to consider the only other developmental stage in which widespread 

chromosomal movement has been observed, meiotic prophase. Before the synaptonemal 

complex enforces the close apposition of the replicated homologs into a tetrad, the 

chromosomes begin to align. Alignment, as opposed to synapsis, is characterized by the 

formation of paraUel chromosome strands at a distance of up to several microns. The 

mechanism of this alignment is unclear, but it occurs in germ cells diat never elaborate a 

synaptonemal complex or undergo crossing over (Weiner et al., 1994). In Drosophila 

"pairing sites" may bring homologous chromosomes together (Hawley et al., 1980) and 

reviewed in (Hawley et al., 1993a), although homology between similar pattems of 

transcription may mediate two homologs to synapse (Cook, 1997). This hypothesis 

explains the promiscuous transcription observed in meiotic cells, and explains why 

crossing over occurs more frequentiy in highly expressed regions of the genome. 

Cycle 14 has much in common with meiotic cells, including a large amount of 

transcription, some homolog synapsis, the requirement for chromosomal remodeling, and 

now, chromosome movement and chromosome extension. Is it possible that cycle 14 gene 
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movement is somehow related to homolog pairing, imprinting, or some other 

developmental patterning of the chromosomes? If so, is it possible that chromosome 

alignment is occurring in cycle 14? 

We know that homolog pairing is incomplete in cycle 14 for every gene so far 

examined (Fung et al., 1998; Hiraoka et al., 1993). The result of comparing Notch gene 

movement in male and female embryos also allows us to conclude that the ability to pair 

has at most, a minimal effect on the amount of gene extension. What we cannot exclude is 

that the movement is caused by the attempt to pair. In previous models for interphase 

structure, it has generally been assumed that homologous chromosomes had similar 

structures because they were derived from an isometric expansion of chromosomes after 

telophase. Given that the positions of centromeres, telomeres, and nuclear envelope 

attachment sites are identical for both homologs, the position of homologous genes within 

the nucleus would naturally be very similar. In this scenario, there is no significance to 

similarities between homolog structures. In cycle 14, however, the rigid Rabl orientation 

breaks down as genes become widely distributed along the nuclear axis and as they 

elongate to variable extents. In this situation, we can determine if the positions of 

homologous sites are closer than would be expected based on random chance. As 

mentioned above, the homologous copies of rosy, broad and Notch maintain a more 

similar spatial relationship than could be explained by random chance (P>0.01). The length 

of the Notch gene is also more similar between homologs than expected at random 

(P>.01). This suggests that the chromosomes are aligned even though they are not 

synapsed. We are left with the exciting possibility that chromosome movement at two very 

different times in development share a common purpose, and that each will provide 

insights into the other. 

Finally we asic- are high mobility and directed movement of chromosomes in 

interphase 14 specific to this very special cell cycle? The organization of chromosomes in 
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the interphase nucleus is now becoming established and it is clear that specific gene 

colocalizations occur (see introduction). The question is, do they occur rapidly enough to 

require an active mechanism? For example, homologous sites containing two imprinted 

loci, Prader-Willi/Angelman on chromosome IS and H19 on chromosome 11, have been 

shown to associate preferentially only during late S phase in human cells (LaSalle and 

Laland, 1996). In cells isolated from Prader-Willi and Angelman patients, in which both 

chromosome 15 homologs are derived either maternally or paternally, the homologous 

sites are randomly distributed at all times in the cell cycle, suggesting that the association 

has functional significance. Because the non-random homolog association is observed only 

in late S phase, it is likely to be of limited duration, and thus may also result from an active 

mechanism. 

We suggest that our ability to see more general chromosomal movement at the 

mid-blastula transition is not that it is peculiar to this developmental stage, but that our 

system makes it easier to visualize. The small probe size, the observation of single copy 

euchromatic genes, the large number of synchronized nuclei, the large number of genes in 

motion, and our ability to age the embryos accurately, allow us to discern more subtle 

changes than could have been noted in a more diverse population. It is likely that high 

chromosomal mobility in early development and in later stages of differentiation is a 

general and necessary prerequisite to normal chromosomal patterning in all organisms. If 

so, we must investigate the extent to which gene movements are required for normal gene 

expression, and to what extent the failure to traverse critical periods of chromatin and 

nuclear development will prevent normal expression of transfected genes. 
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Figure Legends: 

Figure 1: Initial model f<Nr nuclear structure at cellular blastoderm 

lA: The embryo surface (es) is at top: nuclei (n), illustrated in cross-section, extend toward 

the nuclear interior. A single chromosome arm (chr) is indicated by the blue structure, 

centromere (cen) near the apex and telomere (tel) near the base of the nucleus. The cell 

membrane (cm) continues to grow toward the embryo interior until about 55 minutes into 

cycle 14. S phase begins immediately after mitosis 13 and continues for 40 minutes. The 

location of genes is determined by determining the positions of hybridization signals (hyb). 

Based on earlier work (see text), we assumed that the chromosomes would merely expand 

to fill the available space as the nuclei expand, and the hybridization spots might elongate 

slighdy in the direction of nuclear expansion. 

IB: Map locations of the genes used in this study. The euchromatic portions of the three 

large chromosomes and their approximate relative sizes are indicated. The large regions of 

centric heterochromatin are highly condensed in cycle 14, so they should contribute 

relatively littie to the chromosome length (Hiraoka et al., 1993). Note ihaxHspVO is divided 

into two loci separated by an estimated 1 Mb. Genes in ted were expected to be located 

approximately at the positions of the red spheres in (A), those in green, near the position of 

the green ellipsoids. 

Figure 2: Genes are in motion during interphase. 

2A: The movement pattern of Hsp70 gene. Sorted histogram of the distance between 

Hsp70 hybridization signals and the ^)ex of the nucleus in Hve cycle 14 embryos. The 

positions of the hybridization signals and of the nuclear apex are determined and recorded 

for all nuclei in the field. In some cases nuclei contain multiple signals representing the two 
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loci on homologous chromosomes. A display of a random selection of 50 measurements 

from each of the aged embryos is sorted in order of increasing distance and displayed. The 

loci are located over a wide range of positions in the interior of the embryo in late S-phase 

and move up towards the embryo surface as the cell cycle proceeds. 

2B - D: The patterns of gene movement Sorted histograms are plotted as described above 

for each gene. However, the data are divided into two graphs to demonstrate the pattern of 

movement for each gene. (B) For the rosy gene, the gene tirst moves towards the nuclear 

interior and than at 46min changes direction and moves towards the nuclear apex. The 46 

minute embryo has been repeated in the second graph for comparison. (C) Similarly in the 

runt gene the gene moves interior and then changes direction at 34 minutes. (D) In cactus, 

the gene changes direction at 40 minutes. The rate of movement in both runt and cactus are 

much slower than for rosy. 

2E & F: Some genes have no directed movement (E) engrailed and invected gene pair 

show movement within the nucleus, but have no directed pattern of movement similar to 

the windbeutel gene (F). 

2G-I: Some genes do not move within the nucleus. Notch (G), broad (H) and pelle (I) do 

not move within the nucleus as the embryo ages in cycle 14. 

Figure 3: Computationaliy rotated and projected images of genes from single nuclei 

3A: Images of hybridization signals using Hsp70 probes. The data set has been 

computationally rotated and projected to reveal the 3-dimensional structure of the signals. 

The view is a cross-section through the nucleus, with the embryo surface at top, and the 

embryo interior at bottom. Note that the genes are clustered and they are closer to the 
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surface in older embryos. Bar =5^m. 

3B: Images of hybridization signals using runt probes. The nuclei are imaged as described 

above. Bar^S^m. 

3C: Images of hybridization signals using pelle probes. The nuclei are imaged as 

described above. Bar=5|im. 

Figure 4: Normalized distributions of hybridization signals from various probes. 

The positions of hybridization signals from Hsp70 (A), rosy (B), engrailedAnvected (C) 

and broad (D) are measured as for figure 2, but they are displayed as frequency 

histograms. In each case, we selected embryos at three diverse ages to compare the fiiU 

extent of gene movement. For each probe, the light gray line represents the youngest 

embryo, the solid black line the oldest, and the medium gray the middle aged embryo. See 

text for details. 

Figure 5: Movement of the Notch gene. 

5A: The position of the red and green hybridization signals representing the 5' and 3' ends, 

respectively, of the Notch gene, were determined. After aligiunent of the two-colour data 

sets, the interprobe distance was obtained. The interprobe distances of 50 randomly 

selected nuclei are displayed. Note that as the embryo increase in age, the distances between 

the S' and 3' ends increases. In the oldest data sets, the most extended genes show a center 

to center distance between hybridization signals of up to nearly 4 microns. Data sets from 

females (broken lines), fall in approximately the same place as those of males of the same 

age. 
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5B: Comparison of signals from the 5' probe of Notch (9.9kb) in sponge nuclei. The 

nuclei are imaged and projected as described in figiue 3. The top panel are of sponge 

spherical nuclei, showing Notch gene shape variations. The bottom panel shows elliptical 

sponge nuclei in which the gene is also differently shaped. Bar=5^m. 

5C: Distribution of Notch gene position within spherical and elliptical sponge nuclei. 

We plotted the % of gene position within the nucleus vs gene height and find no correlation 

between nuclear height and Notch gene position. The average Notch position in wild type 

nuclei is 70% into the nucleus. 

Figure 6: Gene movement of the inverted chromosome 3 

6A: Map location of genes on inverted chromosome 3 compared to the wild type 

chromosome 3. The pelle gene is now centromere proximal while Hsp70 and rosy are 

now telomere proximal. The tailless mutant strains contains a centromere-telomere 

inversion 85F10-86A1;100A5,6-B 1,2, near the tailless gene. 

6B: Sorted histogram of the distance between inverted pelle and inverted Hsp70 

hybridization signals and the apex of the nucleus in four cycle 14 embryos, plotted as 

described in figure 2. Note that the inverted pelle gene moves from the embryo interior to 

±e nuclear apex as the embryo ages while the inverted Hsp70 gene does not 

6C: Images of hybridization signals of inverted pelle and inverted Hsp70 at cellularization. 

The nuclei are imaged as described above. Note that the inverted pelle gene is extended 

along the nuclear axis while the inverted Hsp70 is punctate. Bar=S|im. 

6D: Normalized distributions of hybridization signals from pelle and Hsp70 genes in 
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inverted cycle 14 emf»yos, plotted as described in figure 4. Note that the inverted pe/le 

gene moves similar to the wild type Hsp70 and rosy genes, while the inverted Hsp70 gene 

does not move within the nucleus, similar to the wild type pelle gene. Bar=S^m 

Figure 7: Model for interphase chromosome organization and movement. 

7A: Model for interphase chromosome structure. Chromosomes are organized beyond the 

rabl order into a loop-backbone organization. Loops are hypothesized to range in size firom 

5 to 100s kb or even MBs. We illustrate here that each chromosome aim is arranged into 

five loops consistent with Marshall et al (Marshall et al., 1996), who suggest that on 

average each chromosome arm consists of five attachment sites to the nuclear envelope. 

The loops are attached to each other by a backbone structure proposed for mammalian 

chromosomes (Yokata et al., 1995). 

7B: Chromosomal movement during interphase 14. At different times in G2, we 

hypothesize that the backbone (not shown) connected to each loop (blue lines) containing 

the loci observed by in situ hybridization (green or red sphere) is in a characteristic state of 

extension or condensation, controlled by the cell cycle control machinery. As the backbone 

changes state, the gene will be forced to a different position within the nucleus. To achieve 

net movement, we hypothesize further that the backbone is anchored to the cell membrane. 

E>epending on how far each gene is from the backbone, its speed and direction of 

movement may be further altered (see text). 
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Table 1: The relationship between nuclear volume and Notch gene height 

Nuclear shape Nuclear volume Gene height (jim) 

Spherical 3 
9.4248 (^m ) 1-26 

15.708 (jim^) 1-39 

15.708 1.85 
15.708 0 
18.85 1.69 

18.85 0.65 

18.85 0 

25-13 3.12 
25-13 2.28 

25.13 8.61 

Ellipsoidal 12-566 0.41 

12-566 1.49 
12.566 1-48 
12.566 2-03 
15.708 1.6 
15.708 0.88 
16-755 1.41 

18.32 1.09 

23.562 1.05 

23.562 2-54 

25.133 2.05 

25.133 1.76 
26.18 2.94 
31-416 3.98 
31.416 1.83 

32-987 2.49 

34.558 4.7 
37.699 2-22 
41-88 2-6 
45-98 1.78 
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Table 2: S'-3'C)nentation is still maintained in sponge nuclei 

Hme into Cell % Oriented % with No % Odented Net Average Z 

Cycle 5'-3' Orientation 3*-5' Orientation Distance 

41 min* 66 14 19 -47 -0.5 

42 mill* 49 6 45 -4 -0.1 

55-65 min* 60 10 30 -30 -0.4 

SP -40 min 54 2 44 -10  0.0049 

* Previously listed in Gunwardena et al., 1999a 
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Genes move first interior then later towards the nuclear apex 
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Figure 2 
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Figure 2 

Some genes do not move within the nucleus 
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Figure 3A 

34 mm -H mill Cel luk i r /ed 



230 

Figure 3B 
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Figure 3C 
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Figure 5A 
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Figure SB 
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Figure 6B 

Sorted histogram of the pelle gene on the mutant strain 
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Figure 6D 
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Figure 7 A 

CHROMATIN ORDER: A STEP BEYOND THE RABL ORIENTATION 
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Figure 7B 
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