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ABSTRACT 

 

The cell’s nucleus contains DNA in the form of chromosomes, which are the 

hereditary content of the organism.  The proper transmission of DNA from one 

generation to the next is critical.  Along with this crucial process, cells will also need 

to transcribe the DNA, silence certain genes (or whole chromosomes) during 

development and regulate other chromosome dynamics that are still being identified.  

The molecular components responsible for these processes are starting to be 

identified.  However, the regulation of these components and how they interact with 

each other is not well understood. 

The condensin complex is one component that has been identified to play a 

role in chromosome dynamics.  Activity of the complex has been studied in vitro but 

in vivo activity has been difficult to measure.  Similarly, understanding the regulation 

of the complex has been difficult given the lack of assays and that the complex is 

essential for cell survival.  In this dissertation, I have identified and characterized a 

regulator of condensin II function using Drosophila melanogaster.  The chromo-

domain protein Mrg15 interacts with condensin II to inhibit homologous chromosome 

interactions. 

Lastly, I look at the role of condensin II in female meiosis.  Meiosis involves 

pairing and subsequent segregation of homologous chromosomes.  The process of the 

initial pairing has remained elusive but specialized structures have evolved to 

maintain this pairing.  Condensin II can antagonize a basal level of homologous 

pairing and also removes the specialized structure that pair meiotic chromosomes.  
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This dissertation will add to the growing knowledge of the regulation of the 

condensin II complex and its role in female meiosis. 
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CHAPTER 1: INTRODUCTION 

 

Explanation of dissertation format 

 This dissertation contains two chapters plus an appendix.  The first chapter is 

an introduction to the field of the chromosome biology and provides a context for the 

subsequent chapter and appendix.  The second chapter, concerning female meiosis, is 

a manuscript in the process of being prepared for submission.  Appendix A is a 

submitted manuscript pertaining to the interaction between Mrg15 and condensin II. 

 

Explanation of the problem and its context 

 Early in biology, the cell was classified by the state of its DNA.  In interphase, 

the DNA was scattered throughout the nucleus in no apparent order.  Mitotic cells had 

compact, discrete chromosomes that would then separate into two daughter cells.  In 

addition to mitosis, a specialized division called meiosis produces haploid gametes.  

All these processes that center on the chromosome are still the focus of many studies 

today. 

 More insight into interphase chromosomes has changed early ideas of the 

chromosomes being ‘unorganized’.  Given that most cells are not mitotically 

dividing, this area of study has broad impacts.  More is being learned about 

chromatin, its modifications and some of the proteins that interact with chromatin.  

Unfortunately, many of the regulators of interphase, meiotic and mitotic 

chromosomes are essential, making genetic screens difficult.  Therefore, not much is 
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known of what regulates chromosome dynamics in vivo.  This dissertation gains 

insight into some of the regulators of chromosome structure. 

 

Literature review  

I. Homologous chromosome interactions 

Mitosis 

The main problem the cell must overcome in mitosis is to successfully segregate a 

complete set of chromosomes to each daughter cell.  The first step the cell does is to 

package the chromosomes into discrete units in order to segregate them.  The 

packaging requires an estimated 10,000-fold overall compaction of the human 

genome (or ~50 fold from interphase) before it is segregated [reviewed in (Belmont 

2006; Maeshima and Eltsov 2008)].  The packaging is thought to resolve the 

chromosomes from one another so that segregation can occur.  If this is not done 

properly, the chromosomes will not completely separate from each other resulting in 

visible threads of DNA, called an anaphase bridge. 

The basic process of organization of the genome begins with the nucleosome.  A 

nucleosome consists of the core histone, which is an octomer of two subunits of each: 

H2A, H2B, H3 and H4.  The core histone is then wrapped twice with approximately 

~147 base pairs of DNA.  Between nucleosomes is a linker region that contains the 

linker histone H1.  The nucleosome structure persists throughout the cell cycle. 

The next level of chromosome compaction is the 30 nm fiber.  There are various 

models for how the 30 nm fiber may be assembled and this depends on the length of 
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DNA between nucleosomes (Wu et al. 2007).  In one form it is estimated that 6 

nucleosomes/11nm (mass/unit length) can be assembled while another form could be 

about twice that occupancy (Bassett et al. 2009).  The two forms are thought to be 

differences seen between euchromatic and heterochromatic regions, respectively.  

Commonly, this fiber is thought to be the basis of the mitotic chromosome. 

The model of the 30 nm fiber puts histones in close proximity to one another.  

Histone modifications have been identified and implicated in chromatin organization.  

One such example is between acetyl-H4K16 that interferes with an acidic patch on 

H2A and H2B (Bassett et al. 2009).  This modification is associated with highly 

transcribed regions and open chromatin.  Conversely, repressive marks (eg methyl-

H3K9) are associated with compact chromatin. 

There is recent data that counters the widely accepted model of 30 nm fiber in 

mitotic chromosomes.  The regular structure of an organized fiber was not seen in 

cryo-electron microscopy (Eltsov et al. 2008).  In addition, models show an organized 

30 nm fiber that is looped from a scaffold.  However, the use of cations in extraction 

buffers may alter the true chromosome structure before it is studied.  One 

modification to the model would involve the loops folding back towards the scaffold, 

making one loop into two loops and therefore the chromosome narrower. 

The higher levels of chromosome compaction, like those seen in mitotic 

chromosomes, are even less well understood.  Protein complexes, called condensins, 

are involved in the scaffold but may only be critical for providing a rigid structure for 

the mitotic chromosome (see condensin section).  Condensin could potentially be 
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disrupting a 30 nm fiber to form a unique structure based on looping.  There are new 

models being proposed but the structure mitotic chromosomes are still largely a 

mystery. 

Meiosis 

Meiosis is a specialized process of mitosis for sexually reproducing organisms 

and is designed to reduce the genome from diploid to haploid.  The cell will undergo 

DNA synthesis and during meiosis I (the first division) homologues will pair and 

segregate away from each other, also called the reduction division.  The cell 

undergoes a second division without DNA synthesis.  In meiosis II, the sister 

chromatids will segregate away from each other (the equatorial division), giving rise 

to a gamete with only one homologue present (1N).  The diploid state will be restored 

in the next generation by the fusion of the two haploid gametes. 

Meiosis I is an elongated process and will often arrest before proceeding to the 

second meiotic division.  The original classification of meiosis I was cytological and 

separated into five steps: leptotene, zygotene, pachytene, diplotene and diakinesis.  

Initial condensation and alignment occur during leptotene and zygotene, respectively.  

Recombination typically occurs in pachytene and in the last two stages chromosomes 

will usually alter their structure and begin to align on the metaphase plate.   

The initial alignment and pairing of the homologues in not well understood.  One 

possible mechanism is through interactions of the chromosomes with the nuclear 

membrane, which is thought to facilitate formation of the meiotic ‘bouquet’ (Bhalla 

and Dernburg 2008).  Repeat regions, like telomeres and centromeres, are thought to 



 

 

14

help initial pairing and alignment.  However, these repeats are not necessarily 

homologue specific and may actually promote non-homologous associations that 

need to be actively separated.  Condensin II can separate homologous chromosomes 

and has been found to be important in preventing non-homologous associations in 

Drosophila male meiosis (Hartl et al. 2008). 

After initial alignment of the homologues, a protein matrix called the 

synaptonemal complex (SC) is assembled between the homologues (Page and Hawley 

2004).  The structure looks similar to a zipper, with transverse filaments (the teeth of 

the zipper) and lateral/axial elements (where the zipper contacts the material).  This 

matrix is important for the process of recombination because mutations in the SC 

components will disrupt recombination (Page and Hawley 2001).  In some organisms 

the formation of SC requires double strand breaks (Henderson and Keeney 2004).  

The strand invasion process early in recombination may help stabilize interactions 

and SC formation.   

To facilitate the process of pairing homologues, most organisms will physically 

link homologues together by undergoing recombination (Hawley 2003).  

Recombination begins with double strand breaks that are formed by a topoisomerase-

like enzyme called Spo11 (Keeney et al. 1997).  The double strand break is repaired 

using some meiosis-specific proteins but also many of the same proteins involved in 

double strand repair in non-meiotic cells (McKim et al. 2002).  In meiosis, there are 

proteins to facilitate the bias of repair using the homologue (crossover) versus the 
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sister chromatid (non-crossovers) (Webber et al. 2004).  These crossovers act as the 

physical link between the homologues. 

Crossovers are highly regulated since each pair of homologous chromosomes 

must receive at least one crossover to be physically linked.  Early in the process, 

many double stranded breaks occur but only certain ones eventually give rise to a 

crossover.  In C. elegans, condensin I mutants have been shown to help regulate the 

distribution crossovers at the level of double strand breaks (Mets and Meyer 2009).  

Additionally, the length of the synaptonemal complex increases in mutants of both 

condensin complexes (Mets and Meyer 2009).  Mechanistically, the increase in the 

length of the SC alters double strand break distribution. 

After the formation of chiasmata, there are changes to the chromosome structure 

as the chromosomes prepare for segregation.  In Drosophila female meiosis the 

chromosomes become highly compacted into what is called a karyosome.  Recently, a 

mutation in the kinase, NHK-1, was shown to have defects in the 

formation/maintenance of the karyosome.  These mutants also exhibit a failure to load 

condensin on to chromosomes and persistence of the SC (Cullen et al. 2005; 

Ivanovska et al. 2005).  A target of NHK-1, BAF, was identified and mutations to the 

phosphorylation site mimicked NHK-1 mutant phenotypes (Lancaster et al. 2007).  

NHK-1 may be phosphorylating BAF to release chromosomes from the membrane 

and inducing condensin loading to disassemble the SC, which then allows for 

karyosome formation. 
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Dosage compensation and imprinting 

This section focuses on homologous chromosomes finding one another, which 

causes an epigenetic change in one of the chromosomes, either globally or locally (i.e. 

dosage compensation or imprinting, respectively).  The processes of dosage 

compensation and imprinting are still being elucidated, but both required a physical 

proximity of homologues.  These processes occur in interphase chromosomes, which 

are very different from mitotic and meiotic chromosomes.  Both examples will focus 

on mammalian systems to emphasize the impact of understanding these processes.   

In many sexual reproducing animals, females have two X-chromosomes while 

males have only one X-chromosome.  Organisms have evolved slightly different 

ways to deal with the problem of X gene dosage.  To insure equal expression of genes 

on the X-chromosome in each sex, mammals will silence one of the female X-

chromosomes [reviewed in (Erwin and Lee 2008)].  The emerging mechanism for 

how a cell does this is by sensing the two X-chromosomes and then silencing one of 

them.   

The mammalian X-inactivation provides a good model system to study the 

dynamics of a regulated homolog pairing process.  To choose which X-chromosome 

to inactivate there is a trans interaction to make a mutually exclusive decision.  One 

region, called the X-pairing region, mediates pairing early in the process (Augui et al. 

2007).  The region identified contains a heterochromatic ‘hotspot’ and it is not 

currently known what is mediating the pairing of this region.  There is also a trans 
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interaction that occurs between the Xist/Tsix loci prior to X-inactivation (Xu et al. 

2006).   

Further studies have been conducted on the pairing of the Xist/Tsix locus, since 

this locus largely determines the active and inactive X-chromosome.  Two proteins, 

Ctcf and Oct4, are necessary for Xist/Tsix pairing (Donohoe et al. 2009).  Modeling 

of the X-chromosome inactivation has recapitulated experimental data based on initial 

random movement followed by pairing and subsequent binding and bridging by a 

molecule like Ctcf (Scialdone and Nicodemi 2008).  The model assumes Brownian 

movement (random movement) but because of the densely packed nucleus this 

movement may be regulated.   

Imprinting is the preferential expression of a gene from one of the parental 

chromosomes over its allelic counterpart.  In humans, defects in imprinting can lead 

to medical syndromes.  Lack of paternal expression of the 15q11-13 region leads to 

Prader-Willi syndrome while lack of maternal expression of UBE3A, also in 15q11-

13 region, leads to Angelman syndrome (Horsthemke and Wagstaff 2008).  As of 

2007, 85 mouse genes have been identified to be regulated by imprinting (Sha 2008).  

A large majority (~80%) of these genes in humans are found clustered like the 

example above. 

Differentially methylated regions (DMRs) on CpG dinucluotides are found at 

many imprinted genes.  This implies that DNA methylation may be way that 

homologues can be distinguished from one another.  Proteins with a methyl-CpG 

binding domain can recognize a methylated CpG.  A syndrome similar to Angelman, 
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Rett syndrome, is caused by mutations in the gene MeCP2, methyl-CpG binding 

protein 2, which is implicated in the regulation of imprinting of 15q11-13 (LaSalle 

2007).  The recognition of the methyl-CpG is an important part of the imprinting 

process. 

In addition to DNA methylation, histone modifications are also associated with 

imprinting.  At one locus, IGF2, there was a discrete pattern of transcription 

activation marks at the active allele and transcription repression marks at the inactive 

allele (Vu et al. 2004).  There is also evidence of the presence of histone variants; 

these are variants of the common histone subunits H2A, H2B, H3, H4 and H1.  The 

histone variant H2A1 is found enriched in regions of known imprinting control (Choo 

et al. 2006).  However, whether the use of both methyl-CpG and histone marks set up 

imprinting, maintain it or both is still being elucidated. 

An emerging model of imprinting includes the use of chromatin factors: 

insulators, polycomb group and trixtorax (PcG/Trx). The insulator Ctcf (also seen in 

the X-inactivation model) is an important player in the imprinting of the IGF2/H19 to 

help set up a switch of only one allele of each gene being transcribed (Sha 2008).  

The PcG/Trx are complexes involved the maintenance of repressed or transcribed 

genes, respectively (Schwartz and Pirrotta 2007).  Proteins in the PcG complex were 

found in an imprinting control region by use of chromatin immunoprecipitation 

(Umlauf et al. 2004).  Indeed, further studies involving the chromatin structure will 

need to be done to fully understand the imprinting process. 
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Nuclear organization 

As mentioned earlier, views of a disorganized interphase nucleus have recently 

been changing.  There is growing evidence of chromosomes being organized into 

territories.  Chromosome territories are when chromosomes occupy defined regions 

of the nucleus (Cremer and Cremer 2001).  Then looping of the chromosomes can 

interact with other transcribed genes or with the nuclear membrane.  One of the 

arguments for the existence of territories is that researchers often find certain 

translocations in certain cell types over and over (Cremer and Cremer 2001). 

One of the forms of nuclear organization is the localization of inactive genes to 

the nuclear periphery.  A large-scale look at the chromatin associated with nuclear 

lamina found that the genes were less expressed and showed a decrease in activate 

histone marks (Pickersgill et al. 2006).  The regions of lamina association were 

characterized in human cells and found to be flanked by Ctcf and CpG islands 

(Guelen et al. 2008).  These interactions provide a mechanism of separating the 

distinct transcriptional units.   

Nuclear organization can change during development.  There are examples of 

cells that differentiate and will turn on expression of certain genes associated with the 

differentiated state.  Moving genes toward the middle of the nucleus signifies active 

transcription since the periphery is associated with gene silencing.  One example is 

found in embryonic cells that differentiated into neuronal cells.  The Mash1 

transcription is increased >100-fold and found to move to the center of the nucleus 

(Williams et al. 2006).  
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New techniques in this field have allowed for researchers to look at more than just 

one gene at a time.  Using human hematopoietic cells, researchers used cDNAs to 

make a DNA fluorescent probe.  The probe could then be used on cells before and 

after differentiation to identify where the genes that are expressed localize to in the 

nucleus (Kosak et al. 2007).  Fluorescent probes to whole chromosomes were looked 

at in different cell culture types to identify patterns in organization.  Chromosomes 

could be preferentially near the center of the nucleus and can also be localized closely 

to other specific chromosomes (Parada et al. 2004). 

One of the most recent techniques in 3D nuclear mapping is a method called Hi-

C, which is based on the earlier assay of chromosome conformation capture 

(Lieberman-Aiden et al. 2009).  The method results in a genome-wide snapshot of 

long-range interactions.  Breakdown of the genome fell largely into two interaction 

groups, active and inactive genes, that spread along the chromosomes (Lieberman-

Aiden et al. 2009).  Assays are still being developed to study nuclear organization let 

alone identify molecules that could be regulating this process.  However, one 

candidate would be the condensin complex. 

 

II. Condensin Complexes 

In 1997, the Hirano lab isolated a complex that can induce chromatin 

condensation in vitro, which they called the condensin complex (Hirano et al. 1997).  

They found there was an 8S form, which only contained the SMC proteins, SMC2 

and SMC4, and a 13S form that also contained CAPs (chromatin associated proteins): 
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Cap-H, Cap-D2 and Cap-G.  The presence of the 8S form indicates that SMC2 and 

SMC4 are in abundance compared to the CAPs, and so CAPs may be the limiting 

factor to forming the complete condensin complex.  In addition, the ability of the 

whole 13S complex to stably interact with DNA depends on phosphorylation.  

Phosphorylation is particularly important in regulating the CAPs as it was found on 

all three CAP subunits but not on the SMC subunits (Hirano et al. 1997).  These two 

data suggest the regulation of the condensin complex is the main function of the 

CAPs. 

This discovery was followed later on by two other studies that identified a 

second complex that was present in vertebrate cells (Ono et al. 2003; Yeong et al. 

2003).  The condensin II complex is composed of SMC2 and SMC4, like condensin I, 

but also contains three distinct CAP subunits, Cap-H2, Cap-D3 and Cap-G2.  In HeLa 

cells and Xenopus cells, the condensin I complex maintained the narrow structure of 

the chromosome while condensin II gave the chromosome a straight, rigid structure 

(Ono et al. 2003).  RNAi to condensin II would give rise to a curly chromosome axis 

(Ono et al. 2003).  RNAi to a common subunit, SMC2 or SMC4, or simultaneous 

RNAi to Cap-G and Cap-G2 gave severe morphology defects (Ono et al. 2003).  The 

two condensin complexes have similar but distinct roles in chromosome morphology.   

The two complexes also have differences in localization and dynamics.  In 

HeLa cells, neither complex is dependent on the other to localize to the mitotic 

chromosome (Hirota et al. 2004).  During interphase, condensin I is found in the 

cytoplasm while condensin II is found in the nucleus and will quickly recover after 
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photobleaching (Gerlich et al. 2006).  After nuclear envelop breakdown, condensin I 

will associate very dynamically with the metaphase chromosomes.  In contrast, 

condensin II interactions with chromosomes is very stable during mitosis and shows a 

low recovery after photobleaching (FRAP) (Gerlich et al. 2006).  Even though 

condensin II is present in the nucleus, only during mitosis is it stably engaged with 

the chromosomes. 

Interestingly, RNAi to condensin II specific subunits has defects in prophase 

condensation, while RNAi to condensin I slows down the cell cycle between 

prometaphase and anaphase (Hirota et al. 2004).  This slowing could be due to 

persistence of arm cohesin (condensin I) or delays in chromosome compaction and 

structure (Hirota et al. 2004).   

A large number of studies have been done on the biochemistry of the 

condensin complex in vitro.  In early experiments, Xenopus condensin I was isolated 

and tested for its ability to induce supercoils in a DNA plasmid.  It was found that 

condensin I was only able to supercoil DNA in the presence of ATP and, to visualize 

the supercoiling, a topoisomerase I enzyme (Kimura and Hirano 1997).  When E. coli 

topoisomerase I (relaxes negative supercoils) was used in the assay, it could be seen 

that condensin I produced positive supercoils.  However, when calf thymus 

topoisomerase I (relaxes both positive and negative supercoils) was used for the 

assay, positive supercoils persisted.  This suggests that condensin I prevents 

supercoils from being relieved by the topoisomerase (Kimura and Hirano 1997), and 
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it is thus likely condensin I remains associated with DNA even after supercoils are 

induced. 

In experiments to investigate how condensin I may be able to induce positive 

supercoils, a follow up study in 1999 suggested “global writhe” as a likely 

mechanism (Kimura et al. 1999).  DNA supercoiling is a combination of twist and 

writhe.  The twist relates to the number of turns in the DNA double helix itself and is 

altered during processes like transcription and replication.  Writhe is when the DNA 

double helix wraps around with another DNA double helix, like when a telephone 

cord coils around itself.  The assay uses a nicked circular DNA substrate, so any twist 

that is induced will be lost and not result in supercoiling.  If writhe is induced, than 

the nicked, circular DNA will still maintain some supercoiling.  The authors data is 

consistent with the second model of condensin I inducing writhe (Kimura et al. 1999). 

Next, direct visualization of the above in vitro studies were done.  Xenopus 

condensin I was isolated and incubated with a 3kb plasmid and visualized using 

electron spectroscopic imaging (Bazett-Jones et al. 2002).  Researchers found ATP 

was required for the association of DNA and condensin I.  Interestingly, the pattern of 

DNA was associated with condensin I and seen as two peaks in the ATP-condensin I 

samples (Bazett-Jones et al. 2002).  The authors concluded that the condensin I 

complex was forming two gyres consisting of approximately 188 base pairs of DNA.  

This is consistent with the previous studies that the gyres are closely associated with 

the condensin I complex (shielding topoisomerase activity) and that global writhe 

(instead of twist) was being introduced. 



 

 

24

The in vitro activity of condensin is dependent upon ATP.  The two SMC 

subunits each contain an ATPase domain comprised of the N-terminal Walker A 

motif and a C-terminal C-motif and Walker B motif [reviewed in (Hirano 2006)].  

Data suggest initial ATP binding to the Walker A motif because binding is abolished 

in a Walker A lysine to isoleucine mutation (Hirano and Hirano 2004).  Other data 

suggest that the C-motif is important for engagement between the catalytic domains 

because a mutation in the C-motif, serine to arginine, results in failure to engage.  

Finally, researchers have shown that a glutamic acid to glutamine mutation in the 

Walker B motif greatly reduces ATP hydrolysis (Hirano and Hirano 2004). 

The three point mutations previously described are useful for studying how 

the condensin complex changes during the ATPase cycle.  When ATP hydrolysis is 

slowed using the Walker B mutation, Bacillus subtilis SMC homodimers can bind 

more stably with DNA than wildtype SMC homodimers (Hirano and Hirano 2004).  

A similar study was done in chicken cells where endogenous SMC2 was knocked out 

and SMC2 proteins with point mutations were expressed (Hudson et al. 2008).  The 

ATP hydrolysis mutant showed association with the chromatin whereas the ATP 

binding and engagement mutants showed little to no DNA binding (Hudson et al. 

2008). This suggests the condensin complex is stably bound to DNA when ATP-

bound and able to engage while ATP hydrolysis will release this association. 

The CAP subunits are also thought to help regulate the complexes’ activity by 

modulating the ATPase activity of the SMCs.  In vitro analysis of the Bacillus subtilis 

SMC complex shows association of ScpA and ScpB as non-SMC subunits.  ScpA 
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acts as a linker between the SMCs like Cap-H or Cap-H2 and ScpB’s interaction is 

dependent upon ScpA.  When ScpA/ScpB are added with SMC after the DNA, the 

complex has more DNA binding (Hirano and Hirano 2004).  ScpA and ScpB are 

likely slowly down ATP hydrolysis and the reduction in ATPase activity stabilizes 

the preexisting DNA-condensin interactions. 

Phosphorylation of the condensin subunits, specifically the CAPs, was 

identified in the original description of the complex (Hirano et al. 1997).  Cdc2 was 

first recognized as a regulator of condensin I in 1998 (Kimura et al. 1998).  When 

Cdc2 was allowed to phosphorylate condensin I in vitro, the individual subunits were 

run on a two-dimensional gel to separate the modified subunit by size and charge.  

Endogenous mitotic Cap-D2 ran similarly to the in vitro modified Cap-D2, but Cap-H 

was not a complete match with mitotic Cap-H (Kimura et al. 1998), which indicates 

that Cdc2 phosphorylates Cap-D2 in vivo but another kinase or co-factor is needed for 

Cap-H.  Lastly, Cap-G has two Cdc2-phosphorylation target sites that are necessary 

for chromosomal localization of the complex (Murphy and Sarge 2008).   

There is evidence of regulation of condensin by the kinase Aurora B. Aurora 

B is important for histone H3 phosphorylation on Serine 10, a mark highly correlated 

with condensed, mitotic chromosomes.  In Drosophila cell culture, Aurora B RNAi 

can disrupt localization of Cap-H (barren) to the chromatin (Giet and Glover 2001).  

Human cells treated with either Aurora B RNAi or the kinase inhibitor hesperadin 

also had a reduction in condensin I associating with chromosomes (Lipp et al. 2007).  

Finally, Aurora B depleted Xenopus extracts showed about a 50% decrease of 
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condensin I binding (Takemoto et al. 2007).  Aurora B and Cdc2 most likely have an 

overlapping role in the phosphorylation of condensin I.  

The phosphate group added by kinases is removed by phosphatases.  The 

protein phosphatase PP2A was found to interact with Cap-D3 of condensin II, which 

suggesting a mechanism of how condensin II gets dephosphorylated (Yeong et al. 

2003).  Later data show a direct recruitment of condensin II by PP2A not dependent 

on the catalytic function of PP2A (Takemoto et al. 2009).  However, after 

recruitment, PP2A may still act on condensin II as a substrate.  In addition, Aurora B 

was shown to be associated with chromosomes in a PP2A phosphatase-dependent 

manner (Takemoto et al. 2009).  PP2A may be able to recruit both the condensin II 

complex and Aurora B, and in this way ensure proper regulation of condensin II. 

Topoisomerases, which are enzymes that can break DNA (either single strand 

or double strand), are also a major component of the mitotic scaffold and are closely 

involved with the condensin complex.  One model is that the anaphase bridging seen 

in condensin mutants is probably due to catenation of sister chromatids that would 

normally be relieved by Topoisomerase II.  Topoisomerase II (TopoII) can physically 

interact with Drosophila Cap-H in a yeast two-hybrid but could not be co-IPed (Bhat 

et al. 1996; Coelho et al. 2003).  The nature of the interaction is probably 

antagonistic, Topo II-RNAi, but not TopoI-RNAi showed a decrease in homolog 

pairing, an activity found to be opposed by condensin II (Williams et al. 2007).   

Recently, the use of chromatin immunoprecipitation (ChIP) followed by 

hybridization to a microarray chip has been used to identify where condensin is on the 



 

 

27

chromatin in vivo.  Condensin in S. cerevisiae was shown to be located roughly every 

10kb, enriched near specialized chromatin (rDNA, centromeres, telemeres) and 

outside of origins of replication (Wang et al. 2005).  A higher resolution ChIP-chip 

was done and it was found that both the cohesin loading factors Scc2/4 and RNA pol 

III transcription factor (TFIIIC) have similar ChIP-chip data to condensin 

(D'Ambrosio et al. 2008).  When Scc2 was non-functional there was a reduction of 

condensin on the chromatin but it was not abolished.  In addition, the pol III promoter 

B-box can be sufficient for condensin binding (D'Ambrosio et al. 2008).  Tentative 

conclusions are that specialized chromatin and firing origins may need more 

condensin activity to handle special topology.  

Condensin is found enriched at the centromere during mitosis; this is 

consistent with the hypothesis of condensin providing extra rigidity for centromeres 

during anaphase.  Using conditional SMC2 mutants in HeLa cells, the estimated 

increase in length of the centromere was two-fold in the SMC2 mutants (Ribeiro et al. 

2009).  Researchers found a delay in cell cycle progression in condensin I RNAi but 

eventually cells will complete anaphase (Hirota et al. 2004).  It is thought that initially 

the spindle assembly checkpoint is activated but due to the flexible nature of the 

centromere, cells can eventually evade the checkpoint (Samoshkin et al. 2009).  The 

model is that microtubules are pulling on the chromosomes but there is little tension, 

since it is twice the length, then opposing microtubules will also bind to the same 

chromatid to provide enough tension to deactivate the checkpoint. 
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The rDNA locus is commonly a highly repetitive unit of genes encoding for 

the ribosomal subunits that is localized to a specialized region called the nucleolus.  

In budding yeast, Cdc14 was found to be required to localize condensin to the rDNA 

locus, which was necessary for its proper segregation during anaphase (D'Amours et 

al. 2004).  The subunit Ycs4 (Cap-D2) was sumoylated during anaphase and is 

thought to be the trigger to recruit condensin to the rDNA (D'Amours et al. 2004).  

The condensation of the rDNA locus, as assayed by appearance, was dependent upon 

the condensin subunit Ycg1 (Cap-G) (Sullivan et al. 2004).  Interestingly, the Aurora 

B kinase was found to be important for fully condensed rDNA but unnecessary for 

segregation (D'Amours et al. 2004; Sullivan et al. 2004).  Again, overlapping roles of 

Cdc2 and Aurora B could account for the phosphorylation and subsequent activation 

of condensin, while Cdc14-dependent sumoylation is important for rDNA 

segregation. 

In addition to condensin, there is a similar complex called cohesin.  Cohesin 

contains two SMC subunits, SMC1 and SMC3, along with two non-SMC subunits 

Scc1 (or meiosis-specific Rec8) and Scc3.  The structure is similar to condensin with 

Scc1 or Rec8 interacting with the head domains of both SMC1 and SMC3 (Gruber et 

al. 2003).  Scc1 has also been implicated in stimulating the ATP hydrolysis of the 

SMC1/SMC3 heterodimer (Arumugam et al. 2006).  The authors propose that this 

ensures ATP hydrolysis occurs when Scc1 is present and then the DNA is embraced 

by cohesin.   
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One possible mechanism for condensin function is that it is similar to cohesin, 

where the DNA is topologically trapped, or embraced, within the coiled-coiled 

regions of SMC2 and SMC4.  To test this model, protease sites were placed within 

the coiled-coiled regions of the SMC subunit.  When this is done in cohesin, the cut 

SMC3 will mimic the mutant phenotype of precocious sister chromatid separation 

(Gruber et al. 2003).  In condensin, SMC2 was cut with protease and the complex was 

still tightly bound to the chromatin (Hudson et al. 2008).  This suggests the model of 

DNA being topologically trapped may be accepted for cohesin but is probably not 

accurate for condensin.   

Another model for why condensin mutants have anaphase bridges is that sister 

arm cohesin is still present and holding together segregating sisters.  This is consistent 

with condensin I mutants in HeLa cells having persistent arm cohesin (Hirota et al. 

2004).  In Drosophila cell culture, the cohesin subunit RAD21 was found on the arms 

during metaphase (Coelho et al. 2003).  However, in cells with SMC4-RNAi, RAD21 

was not present on the chromosomes during metaphase (Coelho et al. 2003).  The 

Drosophila cells have condensin I and II potentially knock-down while in the HeLa 

cells, only condensin I is knocked-down.  There may need to be a base structure 

(condensin II) for cohesin to be associated with metaphase chromosomes and then 

condensin I mediates the proper timing of dissociation of cohesin. 

III. Histones 

Briefly, as mentioned above, core histones are a protein complex composed of 

two subunits of each H2A, H2B, H3 and H4.  A linker histone, H1 is also present.  
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Histones are the first level of chromosome organization and are closely associated 

with DNA.  Each of the individual subunits has an N-terminal tail that can be 

modified in numerous ways; for example, these tails can undergo: phosphorylation, 

methylation, acetylation, sumolyation, and ubiquitination.  These modifications may 

not be restricted to the N-terminal tail and are not mutually exclusive.  In fact, there is 

documented interplay between the proteins that put on or bind to these modifications 

and will describe some of these interactions in this section. 

H3 Serine 10 phosphorylation 

One of the first histone tail modifications that was documented, phosphorylation 

at H3S10, was shown to correlate with mitotic chromosome condensation (Gurley et 

al. 1978; Paulson and Taylor 1982).  To better understand this modification, site 

directed mutagenesis was used to convert H3S10 to an alanine, and the effects of this 

amino acid substitution were studied in Tetrahymena thermophila (Wei et al. 1999).  

The mutation affected the mitotically dividing micronuclei, not the non-mitotically 

dividing macronucleus, and resulted in some condensation defects along with 

anaphase bridging (Wei et al. 1999).  Showing that phospho-H3S10 is not only 

correlated with mitotic chromosomes but is necessary for their proper segregation.   

The kinase found to phosphorylate H3S10 is Ipl1/Aurora B/JIL-1 (Hsu et al. 

2000).  In both budding yeast and C. elegans, mutants in Aurora B, Ipl1 and Air-2 

respectively, showed defects in phospho-H3S10 staining along with other 

chromosomal defects, including anueploidy and anaphase bridging (Hsu et al. 2000).  

In addition, the type one protein phosphatase Glc7 can rescue the lethality of Ipl1 and 
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decreased phospho-H3S10 in Air-2 mutants (Hsu et al. 2000).  These results show 

that proper regulation of phospho-H3S10 is a combination of the kinase activity of 

Ipl1/Aurora B and the phosphatase activity of Glc7. 

Recently, there has been evidence of interplay between phopsho-H3S10 and the 

adjacent amino acid, H3K9 (Hirota et al. 2005).  The modification of trimethyl-H3K9 

is important for heterochromatin protein 1, or HP1, binding (Bannister et al. 2001).  

The proximity of the two marks implies a mutually exclusive relationship; however, 

both marks are present in mitotic cells (Hirota et al. 2005).  Interestingly, the binding 

of HP1 is reduced in the presence of both modifications (Hirota et al. 2005).  

Furthermore, there is a model of HP1 displacement leading to an increase in 

heterochromatic bidirectional expression.  The transcripts are silenced by RNAi and 

provide a mechanism for the mitotic inheritance of heterochromatic sequences (Kloc 

et al. 2008).   

A remaining question is what the phospho-H3S10 modification is doing to alter 

chromosome structure and segregation.  Given that Aurora B is responsible for 

phosphorylating H3S10 and overlaps with Cdc2 for condensin modifications, this 

would partially explain condensation defects noted in H3S10 mutants.  However, the 

phenotype in the H3 serine to alanine mutant argues for a more direct role of 

phospho-H3S10 in chromosome structure.  This could be explained by disruption of 

HP1 from methyl-H3K9, which may be important for condensin being enriched in the 

centromeric regions.   
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H3 Lysine 4 and H3 Lysine 36 methylation 

Briefly, one lysine can have one, two, or three methyl groups attached.  The 

enzymes responsible for the methylation are called histone methyltransferases, and 

those that are lysine specific are often classified by the presence of a SET domain.  

The SET domain is named after the founding members that contain the domain: 

Su(var)3-9, E(z) and Tritorax.[reviewed in (Qian and Zhou 2006)].  

Methyltransferases tend to specifically modify one particular histone residue and can 

usually add the first, second or third methyl group (Strahl et al. 2002). 

Both the H3K4 and H3K36 methyltransferases contain SET domains and are in 

budding yeast are called Set1 and Set2, respectively.  Set1 works in context of the 

COMPASS complex (Miller et al. 2001).  Out of the six proteins that elute with Set1, 

only Cps60 and Cps40 were identified as being necessary for H3K4 trimethylation 

(Schneider et al. 2005).  Set2 interacts with the elongating form of RNA pol II in 

which the C-terminal domain of the polymerase is phosphorylated at serine 2 (Morris 

et al. 2005).  Both C. elegans and Drosophila, contain a second Set2 like protein, 

called Mes-4, which is responsible for di-methyl-H3K36 in particular (Bender et al. 

2006; Bell et al. 2007).   The Set2 homologue in Drosophila was shown to be 

necessary for tri-methyl-H3K36 (Bell et al. 2007). 

Both methyl-H3K4 and methyl-H3K36 are associated with regions of transcribed 

genes.  The methyl-H3K4 is associated more with the promoter of a gene that is open 

for transcription (Morillon et al. 2005).  High levels of di-methyl-H3K36 are found 

within the body of transcribed genes; this modification is decreased in promoter 
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regions (Rao et al. 2005).  The absence of Set2 in budding yeast will eliminate the 

enrichment of di-methyl-H3K36 in the body of the gene, but does not cause a 

decrease of this modification in promoter regions (Rao et al. 2005).  These findings 

indicate that Set2 plays a role in the deposition of di-methyl-H3K36 within the body 

of transcribed genes, but also the displacement of di-methyl-H3K36 from promoter 

regions. 

There is evidence of interdependence between the histone modifying activities of 

Set1 and Set2.  For example, a peak of di-methyl-H3K36 is found at the promoter 

region of a gene that becomes transcriptionally active, but the levels of this 

modficiation will dissipate in less the five minutes (Morillon et al. 2005).  The 5’ 

dimethylation of H3K36 is disrupted in mutants of Set1 and the COMPASS subunit, 

Swd3 (Morillon et al. 2005).  Set1 may be facilitating the activity of Set2 early during 

the activation of a gene to prepare for the elongation of a transcript.  After stable 

transcription is in place, the methyl-H3K36 may then be repositioned to the mid- to 3’ 

regions of the transcript during steady state transcription. 

The recognition of methyl marks on histones is facilitated through domains called 

chromo-domains.  In S. cerevisiae, chromo-domain protein Eaf3 was found to bind 

with methylated histone H3K36, and to a lesser extent with H3K4 (Sun et al. 2008).  

In addition, Eaf3 function was compromised when the chromo-domain was deleted 

(Joshi and Struhl 2005; Li et al. 2007).   A human homologue, Mrg15, was also found 

to contain a chromo-domain and can bind modified histones (Zhang et al. 2006).  The 
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chromo-domain is thought to tether Eaf3/Mrg15 complexes to the chromatin in a site-

specific manner (Li et al. 2007). 

One defect in Eaf3 mutants is increased acetylation.  Histone acetylation levels 

reflect a combination of action of histone acetyl transferases (HATs) and histone 

deacetylases (HDACs).  In Eaf3 mutants, increased acetylation was shown to be due 

to a defect in the recruitment of Rpd3, an HDAC (Li et al. 2007).  Furthermore, 

deacetylation by Rpd3 was dependent on Set2, the methyltransferase for H3K36 

(Joshi and Struhl 2005).  One model is that Set2 puts down a methyl-H3K36 mark 

that Eaf3 binds through its chromo-domain.  Eaf3 can interact with the HDAC, Rpd3, 

which reduces acetylation within a gene’s coding region (Carrozza et al. 2005).  This 

leads to the deacetylation within the coding regions and has been shown to inhibit 

internal transcription start sites (Carrozza et al. 2005).   

Knock down of Set2 in Drosophila cell culture, resulted in an increase in H4K16 

acetylation, while dMes-4 knockdown lead to decreased acetyl-H4K16 (Bell et al. 

2007).  These findings imply that the presence of the tri-methyl-H3K36 is important 

for deacetylation of acetyl-H4K16, an acetylation that occurs with di-methyl-H3K36.  

The tri-methyl-H3K36 can recruit Rpd3 (Li et al. 2007), which may lead to H4K16 

deacetylation.  It is not known why di-methyl-H3K36 would not recruit Rpd3 and 

therefore, has acetyl-H4K16.  Interestingly, acetyl-H4K16 is associated with open 

chromatin and active transcription.  For example, this modification is found 

Drosophila males on the X chromosome, which is transcriptionally upregulated 

(Corona et al. 2002; Shogren-Knaak et al. 2006).   
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There are also proteins that can remove methyl groups from lysine residues on 

histone tails, called lysine demethylases (LSDs).  One such enzyme, Lid, was found 

to remove methyl-H3K4 (Lee et al. 2007).  Although Lid can remove a modification 

associated with transcription, Lid is identified as a Tritorax group protein involved in 

the activation of genes.  One possible mechanism for Lid association with Tritorax 

group is its repression of the histone deacetylase Rpd3 (Lee et al. 2009).  The 

mechanism of how this could occur may be a physical displacement, since Lid 

overexpression can decrease Rpd3 binding (Lee et al. 2009), thereby allowing for a 

decrease in acetylation and  proper transcription elongation. 

In mammalian cells, isolation of a complex containing Eaf3/Mrg15 and histone 

demethylase RBP2, like Lid, has been accomplished (Hayakawa et al. 2007).  The 

interaction with Mrg15 and RBP2 was shown to be cooperative to demethylate H3K4 

in the body of transcribed genes.  Eaf3/Mrg15 is thought to tether RBP2 to regions 

that are being elongated to reduce methyl-H3K4.  The interaction between Lid and 

Rpd3 (above paragraph) occurs within a complex containing Eaf3/Mrg15 (Lee et al. 

2009).  Eaf3/Mrg15 can possible target a H3K4 demethylase (Lid, RBP2) and histone 

deacetylase (Rpd3) to the elongating region of a transcript to create a boundary for 

the initiation region.  Removal of the methyl-H3K4 may be critical for controlling 

and limiting transcription start sites. 

In sum, these observations point to a highly regulated dynamic of histone 

modifications during transcription.  In the promoter region, there is enrichment of 

methyl-H3K4.  Elongating RNA polII can recruit Set2 to methylate H3K36.  Early in 
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the transcript, chromo-domain protein Eaf3/Mrg15 can then recruit a demethylase 

(Lid/RBP2) to limit methyl-H3K4.  Within the body of a gene, Rpd3 mediated 

HDAC activity occurs, possibly by increases in tri-methyl-H3K36 that may 

physically remove Lid/RBP2 or overcome a direct suppression.   

Initially, methyl-H3K36 may be enriched near the promoter by the action of Set1.  

A buffer of di-methyl-H3K36 may be important for separating the promoter and 

elongation phases of a transcript.  This may create the early elongation phase where 

the HDAC Rpd3 is inactive.  One reason why HDAC Rpd3 activity is limited early in 

the transcript, when Lid/RBP2 is active, is that H3K36 is acetylated in promoter 

regions (Morris et al. 2007).  Keeping H3K36 acetylated may be important for 

keeping methyl-H3K36 related complexes out of the promoter regions of a gene. 
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PRESENT STUDY 

As in most tissues and cells looked at, female meiotic cells show an increase in 

homologous chromosome pairing in Cap-H2 mutants.  Not only is there an increase 

in pairing but also the synaptonemal complex (SC) persists.  Since increase pairing 

could be due to the continued presence of the SC, double mutants of Cap-H2 and 

c(3)G (the transverse filament of the SC) were made and tested for pairing.  When 

only the SC was knocked out the pairing was lower than wildtype.  When both 

mutations were present, the pairing was similar to wildtype, neither higher like the 

Cap-H2 mutant, nor lower like the c(3)G mutant.  There is an increase in pairing from 

the SC still being intact but there is also an increase in pairing that Cap-H2 negatively 

regulates.  We are still identifying what factors Cap-H2 may be regulating. 

One possibility is that Cap-H2 is inhibiting homologous pairing occurring through 

double strand breaks and the subsequent repair process.  To test this, mutants in the 

Spo11 homologue, mei-W68, were used to genetically knock out double strand 

breaks.  Double mutants, Cap-H2 and mei-W68, had pairing that was close to 

wildtype, if not a little higher.  There is a fraction of pairing due to mei-W68, but 

there is still a pairing factor that Cap-H2 is inhibiting independent of double strand 

breaks.  Since the SC is still intact in the Cap-H2 mutant (and double mutant) a triple 

mutant of mei-W68, c(3)G and Cap-H2 can help distinguish between these pairing 

factors. 

To elucidate what factors may be regulators or regulated by Cap-H2, the lab 

performed a yeast two-hybrid screen.  Mrg15 tested positively in the screen and was 
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followed up with genetic screens to verify and describe the interaction.  Cap-H2 and 

Mrg15 are needed for Cap-H2 mediated polytene disassembly and function similarly 

to disrupt chromosome interactions.  Mrg15 is a highly conserved protein and is 

associated with active transcription.  Furthermore, Set2 methyltransferase shows 

similar genetic interactions with Cap-H2, another factor involved with active 

transcription states.  This data suggests that condensin II activity may be targeted 

specifically to active transcription.  Possible reasons for this may be to move 

activated genes toward transcriptional factories or to make large-scale changes in 

chromosome structure that aid in active transcription.   
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Introduction: 

 Meiosis is a specialized division that reduces the number of chromosomes by half 

in order to create haploid gametes.  The biggest difference between mitosis and meiosis is 

that in meiosis the homologues will pair and then segregate away from each other.  The 

process of linking and segregating the homologues properly is important and defects will 

often result in non-disjunction and anueploidy.  Anueploidy is thought underlie 

approximately a third of all miscarriages and is the leading genetic cause of mental 

retardation [reviewed in (HASSOLD and HUNT 2001)].  The underlying molecular 

mechanisms of how homologues correctly pair are not well understood. 

 In order to study the process of meiotic homologue pairing, we use Drosophila 

melanogaster as a model system since there are mutants and genetic models already 

available.  During Drosophila egg development, there are sixteen germ line derived cells 

and fifteen become nurse cells and one will become the oocyte.  Early in development, 

stage 1-3, the oocyte undergoes recombination during which homologous chromosomes 

align and synapse by forming a protein structure called the synaptonemal complex (SC) 

[reviewed in (PAGE and HAWLEY 2004)].  The SC consists of a transverse filament, in 

Drosophila called c(3)G, that spans between the lateral elements that associate with the 

chromatin (PAGE and HAWLEY 2001).  Recombination initiates with double strand breaks 

that are made by mei-W68, a spo-11 homologue (KEENEY et al. 1997; MCKIM and 

HAYASHI-HAGIHARA 1998).  The breaks are repaired through conserved double strand 

break repair pathways [reviewed in (MCKIM et al. 2002)].  Later in egg chamber 

development, stage 6/7, the SC will break down and chromosomes will reorganize into a 

compact mass called the karyosome. 
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Chromosome structure changes in both female and male meiosis have been shown 

to involve condensin.  Condensin is an essential complex that was first identified as part 

of the mitotic chromosome scaffold, condense chromatin and induce supercoiling in vitro 

(HIRANO et al. 1997; HIRANO and MITCHISON 1994; KIMURA and HIRANO 1997).  

Condensin I consists of two structural maintenance of chromosomes, or SMCs, called 

SMC2 and SMC4 and three chromatin associated proteins, or CAPs, called Cap-H, Cap-

G and Cap-D2.  In higher eukaryotes, there is condensin II, which also consist of SMC2 

and SMC4 but differ in constitution of CAPs, Cap-H2, Cap-G2 and Cap-D3 (ONO et al. 

2003; YEONG et al. 2003).  In the germ-line derived nurse cells, there is a 

developmentally regulated transition from polytene to non-polytene chromosome 

structure (DEJ and SPRADLING 1999).  Mutations in the condensin II subunit Cap-H2 

show a defect in the polytene to non-polytene transition of the nurse cells (HARTL et al. 

2008a).  In the oocyte, Cap-G mutants have defects in the breakdown of the 

synaptonemal complex (RESNICK et al. 2009).  SC breakdown and condensin localization 

to the oocyte is also impaired in NHK-1 mutants, a histone kinase that is important for 

karyosome formation (IVANOVSKA et al. 2005).  This implies that condensin function is 

somehow important for proper karyosome formation.  In Drosophila male meiosis, there 

is no recombination but the meiotic chromosomes form distinct chromosome territories 

during prophase I, which is disrupted in Cap-H2 mutants (HARTL et al. 2008b).  

Indicating a broad role for condensin II in both recombination dependent and independent 

meiosis.   

Condensin II may function earlier than SC formation, when homologous 

chromosomes align in meiosis prophase I.  Condensin II mutants have shown increased 
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homologue pairing (HARTL et al. 2008a) possibly due to limited compaction and 

availability of homologous to interact in trans instead of being individualized away from 

each other, like that seen in male meiosis (HARTL et al. 2008b).  In the oocyte, the 

complete chromosome compaction may no be able to occur before SC formation is 

initiated.  Consistent with that idea, in C. elegans, condensin II mutants have been shown 

to increase the synaptonemal complex length (METS and MEYER 2009).  We hypothesize 

that the homologous pairing seen in other tissues will occur in the ooctye as well. 

We examined the association of homologous chromosomes in the oocyte using 

fluorescent in situ hybridization.  In Cap-H2 mutant oocytes, homologous chromosome 

were paired more often than in control oocytes.  The SC was still intact in the Cap-H2 

mutant oocytes and may be solely responsible, however, the pairing was still increased in 

the c(3)G, Cap-H2 double mutant.  Indicating that Cap-H2 inhibits homologous pairing 

independent of the SC.  In addition pairing in a mei-W68; Cap-H2 double mutant also 

show increase pairing, indicating Cap-H2 inhibits a recombination independent pairing 

mechanism.  

 

Results: 

Homologous pairing is increased in Cap-H2 mutants in Stage 6/7 oocytes. 

There are few identified factors that affect homologue pairing is oocytes.  Since 

condensin II alters polytene structure, homologue pairing and chromosome territories in 

Drosophila male meiosis, we tested Cap-H2 for a role in Drosophila female meiosis 

(HARTL et al. 2008a; HARTL et al. 2008b).  At stage 6/7 egg chambers the oocyte has 

already undergone recombination and is exiting pachytene signified by the breakdown of 
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the synaptonemal complex (SC) (PAGE and HAWLEY 2001).  In order to measure 

homologue pairing in the oocyte, fluorescent in situ hybridization (FISH) probes were 

used to identify pairing of a specific locus.  We defined paired as the presence of one 

contiguous spot and unpaired as two distinct spots.  In wildtype oocytes the pairing for 

the two probes, one to the histone locus and another to a euchromatic region on 

chromosome 2, were paired about half of the time (Figure 1).  As seen with homologues 

in other tissues, the Cap-H2
Z3-0019/Df6159

 mutants showed an increase in pairing (Figure 1).   

There is a defect in synaptonemal complex breakdown in Cap-H2 mutants. 

Recent data shows that mutations in the condensin subunit, Cap-G lead to a delay 

in SC breakdown (RESNICK et al. 2009).  The increase in pairing seen in Figure 1 could 

be mediated by the continued presence of SC.  The synaptonemal complex will break 

down during stage 5-7 egg chambers as assayed by staining of the transverse filament 

c(3)G (PAGE and HAWLEY 2001).  Staining for the transverse filament, c(3)G, was done 

on wildtype (w
1118

) and Cap-H2
Z3-0019/Df6159

 mutant ovaries.  The c(3)G in stage 6/7 

wildtype oocytes show a diffuse staining indicative of SC breakdown (Figure 2A-B).  In 

similar staged Cap-H2
Z3-0019/Df6159

 mutant oocytes, the SC was still largely intact indicated 

by the string-like staining pattern (Figure 2C-D).  One model is that the continued 

presence of SC may be responsible for the increase in homologue pairing seen in the 

Cap-H2
Z3-0019/Df6159

 mutant (Figure 1). 

Increase pairing in Cap-H2 mutants is independent of the synaptonemal complex. 

In order to distinguish if the SC accounts for the increase in pairing, double 

mutants of c(3)G and Cap-H2 were made.  By knocking out c(3)G we could now look at 

the effect of Cap-H2 on homologue pairing in the absence of the SC.  To assay pairing, 
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three FISH probes used: the histone locus (His) and two euchromatic probes, one on 2L 

(34D) and one on 3R (Ubx).  The wildtype control, heterozygous for both loci, had about 

half of the oocytes’ homologous chromosomes paired depending on the locus (Figure 

3A).  The Cap-H2
Z3-0019/Df6159

 mutant showed significantly higher pairing at the histone 

and Ubx loci (p<0.006; 34D p=0.35).  Conversely, the c(3)G
68/68

 mutant showed a very 

low amount of pairing compared to the wildtype control (p<0.007, all probes) (Figure 

3A).  If Cap-H2 mutants had high pairing due to the SC, then the c(3)G, Cap-H2 double 

mutant should show similar levels of pairing as the c(3)G single mutant.  However, the 

double mutant showed pairing similar to that of wildtype (Figure 3).  The c(3)G, Cap-H2 

double mutant showed a significant increase in pairing compared to the c(3)G single 

mutant (p<0.05 His and Ubx; p=0.1 34D).  Since there is a significant increase in pairing 

when Cap-H2 is mutated in the c(3)G mutant background, there is another pairing factor 

that Cap-H2 is inhibiting which is independent of the SC.   

Cap-H2 mutants have increased pairing in the absence of double strand breaks. 

In the c(3)G mutant, there is no record of recombination, however, the Spo11 

homologue, mei-W68, is still present and can make about a quarter of the number of 

breaks to that of wildtype (JANG et al. 2003).  In other organisms, double strand breaks 

are closely tied to SC formation and are hypothesized to mediate the pairing process.  To 

test if Cap-H2 is inhibiting pairing that is initiated by mei-W68, we made double mutants 

of mei-W68 and Cap-H2.  If Cap-H2 inhibits only mei-W68 mediated pairing, than the 

double mutant should have decreased pairing compared to the Cap-H2 mutant.  The 

pairing in the heterozygous control, mei-W68
1
/+; Cap-H2

Z3-0019
/+, was similar to the 

c(3)G
1
/+, Cap-H2

Z3-0019
/+ control (Figure 4A).  Likewise, the increase in pairing seen in 
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the mei-W68
1
/+; Cap-H2

Z3-0019/Df6159
 mutant was similar to the c(3)G

1
/+; Cap-H2

Z3-

0019/Df6159
.  The pairing in the mei-W68

1/DG23501
; Cap-H2

Z3-0019
/+ mutants is reduced 

compared to the heterozygous control (p<0.05; all probes).  In the mei-W68; Cap-H2 

double mutant, the pairing does not significantly go down compared to the Cap-H2 

mutant, although the p-values are close to significant (0.07<p<0.15).  Pairing in the mei-

W68; Cap-H2 double mutant does significantly increase over the mei-W68 mutant 

(p≤0.01 for all three probes) (Figure 4).  However, in the Cap-H2 mutant the SC is still 

present (Figure 2) and does have an effect on pairing (Figure 3; compare Cap-H2 mutant 

to c(3)G,Cap-H2 double mutant).  This indicates that the pairing rescue may be in part to 

the persistence of the SC.  A triple mutant of mei-W68; c(3)G,Cap-H2 would test this 

hypothesis. 

Discussion: 

 As indicated by previous work, Cap-H2 inhibits homologous pairing and is the 

case in the Drosophila oocyte.  The working modeling is that Cap-H2, as part of 

condensin II, can supercoil DNA to shorten the axial length of the chromosome.  This 

process will disrupt trans interactions, like polytene chromosome structures (HARTL et al. 

2008a).  Early in meiosis I homologous pairing is an important step, which condensin II 

antagonizes; however, around the same time chromosome condensation is also occurring 

facilitated by condensin II.  One model is that condensin II is not active prior to 

homologue pairing but before SC formation, with a second wave of activity after 

pachytene when the karyosome forms. 

The process of karyosome formation is still being elucidated.  The histone kinase 

NHK-1 was been shown to phosphorylate BAF (LANCASTER et al. 2007) and H2AT119 
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(AIHARA et al. 2004; IVANOVSKA et al. 2005).  One model would be that NHK-1 

phosphorylates BAF to release the chromatin from the nuclear envelope while the histone 

phosphoryation can help activate the condensin complex to reorganize the meiotic 

chromosomes, therefore disrupting SC formation.  This model predicts that if a 

nonphosphorylatable BAF is expressed, then H2AT119 can still be phosphorylated and 

condensin loading and SC disruption should still occur.  Alternatively, the BAF and 

H2AT119 phosphorylation are dependent on each other and must both be in tact for 

karyosome formation to take place. 

Unlike their male counterparts, Cap-H2 mutant females are fertile.  To identify 

possible defects in female fertility, we looked at hatch rates of Cap-H2 heterozyotes and 

homozygotes (Figure 1S).  Only after about two weeks could we detect a significant 

decrease in fertility (p<0.001).  This may be from the phenotypes we see in the oocyte or 

from the nurse cells [described in (HARTL et al. 2008a)].  Interestingly, mutations in a 

similar complex cohesin can produce higher rates of non-disjunction of achiasmate 

chromosomes in aged females (JEFFREYS et al. 2003).  The cohesin complex is known to 

be associated with the SC [reviewed in (REVENKOVA and JESSBERGER 2006)], so whether 

the condensin interacts directly or disrupts cohesin secondarily via the SC remains to be 

tested.   

The recombination of c(3)G mutants is undetectable, however the pairing in 

c(3)G, Cap-H2 double mutants is close to wildtype levels (Figure 3).  Even though the 

level of double strand breaks is reduced to about a quarter to that of wildtype (JANG et al. 

2003) the rest of the recombination pathway is likely in tact.  We looked at recombination 

in the c(3)G, Cap-H2 double mutant (Figure 2S).  There was still no recombinants 
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recovered (N=387) indicating that the synaptonemal complex is more than just for 

homologue association.  Many proteins are interwoven with the SC and are dependent for 

proper function. 

 

Methods and Materials: 

Fly Strains:  Cap-H2
Z3-0019

 as described in (HARTL et al. 2008a) and Cap-H2 Df6159 is 

from the Bloomington stock center (Df(3R)Exel6159; stock #7638).   c(3)G
68 
(PAGE and 

HAWLEY 2001);  y
1
/Dp(1;Y)y+; mei-W68

1
/CyO (Bloomington 4932), y

1
w
67c23

; 

P[wHy}mei-W68
DG23501

 par-1
DG23501

 (Bloomington 20467).  Recombinants were made 

between the Cap-H2
Z3-0019

 allele and c(3)G
68
 allele.  Genomic DNA of homozygous Cap-

H2
Z3-0019

, c(3)G
68
 was used for PCR to confirm the c(3)G

68
 mutation.  The Cap-H2

Df6159
, 

c(3)G
68
 recombinants were made by crossing female Cap-H2

Df6159
w+/c(3)G

68
 e and 

crossing to males with yw; TM6b, Hu, Tb, e and selecting for w+, e.  Genomic DNA 

from Cap-H2
Df6159

,c(3)G
68
/+ mutants were used for PCR to confirm the c(3)G

68
 mutation.  

Strains were verified by c(3)G staining and by nurse cell polytene chromosomes.  All 

crosses were done at 25°C on cornmeal/molasses/yeast/agar media. 

DNA Fluorescent in situ hybridization (FISH) to ovaries 

 

FISH probe preparation: 

BAC clones were used for the detection of the 34D region (RP98-16P12, RP98-48E2, 

and RP98-30I21), the Ubx region (RP98-24L18, and RP98-28H1) and the Histone region 

(RP98-43011). Wild type Oregon-R genomic DNA was also used to PCR the Histone 

region (forward primer F332[atgtctgattctgcagttgc] and reverse primer R3929 

[ctaactggatgtctttgggc]) used for detection. Sigma WGA2 whole genome amplification kit 
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was used to amplify the probe DNA. 15ug of DNA was restriction digested with AluI, 

Rsa, MseI, MspI, Hae III and BfuCl. DNA was then 3’ end labeled which consisted of 

denaturation at 100°C for 1 minute. 50uL 400mM NaCacodylate, 1uL 10mM DTT, 1uL 

100mM CoCl2, 2.5uL 2mM dUTP, 5uL 1mM dTTP, and 1uL TdT were added to 

digested DNA. Reaction proceeded for two hours at 37°C.  EDTA added to final 

concentration of (5 mM) to stop reaction, followed by an ethanol precipitation and 

resuspension in 10 ul ddH2O. DNA was then labeled with ARES Alexa Fluor DNA 

labeling kits (Invitrogen A-21665, A21667, and A-21676) with dye reaction proceeding 

for 2 hours. 

Tissue preparation and FISH:  

Ovaries were dissected in 1X PBS and fixed in 100 mM sodium cacodylate, 100 mM 

sucrose, 40 mM sodium acetate, 10 mM EGTA, and 3.7% formaldehyde for 3 minutes. 

(fixation solution was pre-heated to 32°C) Ovaries were rinsed in 2X SSCT (0.3M NaCl, 

0.03M Sodium Citrate, 0.1% Tween-20) and treated with 2ug/ml RNase for one hour. 

Germaria were teased apart in 2X SSCT. Ten minute washes were done with 20 % 

formamide, 40 % formamide, and 50 % formamide in 2X SSCT. Ovaries were then 

incubated at 37°C for 2 hours in fresh 2XSSCT-50 % formamide. 2 ul of each probe 

(34D, Ubx, and His) were combined with 36ul of hybridization solution (1.0g dextran 

sulfate, 1.5 ml 20X SSC, 5 ml formamide, ddH2O up to 9 ml) and 4ul distilled water and 

added to the tissue. The chromosomal DNA was then denatured for two minutes at 91°C 

and hybridized overnight at 37°C. The following day, three 30 minute washes at 37°C 

with 2X SSCT-50% formamide (pre-warmed to 37°C) were preformed, followed by 10 

(minute) washes with 2X SSCT-40% formamide, 2X SSCT-20% formamide, and 2X 
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SSCT (three times) at room temperature. Ovaries were rinsed in 0.1% PBT and stained 

with 0.1ul of 0.001 ug/ml DAPI in 1ml 0.005% PBT for ten minutes, followed by two ten 

minute washes with 0.005% PBT. Ovaries were then mounted with Vectashield or 

Prolong.  

Microscopy and spot analysis: 

Stage 6/7 egg chambers were imaged on a Deltavision Deconvolution Miscroscope, with 

an objective of 60X with Z-Slices ranging from 0.6 um to 1.2 um. Image stacks were 3D 

deconvoluted using Deltavision software. Spots were manually counted for each probe 

using ImageJ software.  P-values were obtained using a Fisher’s exact test. 

 

Figures and figure legends:  

Figure 1:  Increased association of homologous chromosomes in Cap-H2 mutants.  

Genotype on the left is w
1118

 (wildtype) and on the right is Cap-H2
Z3-0019/Df 6159

.  Graph 

shows the fraction of loci that are paired using fluorescent in situ hybridization (FISH).  
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Figure 2:  Defect in synaptonemal complex (SC) breakdown in Cap-H2 mutants.  (A, B) 

Stage 6/7 oocytes stained for anti-c(3)G in w
1118

.  There is a faint and hazy staining 

pattern.  (C, D) Stage 6/7 oocytes stained for anti-c(3)G in Cap-H2
Z3-0019/Df6159

.  Note the 

string like pattern of c(3)G staining that is typical of earlier staged oocytes. 
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Figure 3:  Cap-H2 mutant rescues homologue pairing in c(3)G mutant background.  (A) 

Graph of percent pairing for c(3)G and Cap-H2 mutants and controls.  The genotypes of 

the classes listed along the x-axis are as follows: Wildtype: c(3)G
68
,Cap-H2

0019
/++ 

(N≥30), Cap-H2 mutant: c(3)G
68
/+, Cap-H2

0019/Df6159
 (N≥19), c(3)G mutant: c(3)G

68/68
, 

Cap-H2
0019/+

 (N≥18), lastly double mutant: c(3)G
68/68

, Cap-H2
0019/Df6159

 (N≥36).  Listed 

underneath the genotype classes is the percent pairing for (top to bottom) the histone 

probe, the 34D probe, and the Ubx probe.  (B) Slices of example stage 6/7 oocytes from 

the wildtype class (top row), the Cap-H2 mutant class (second row), c(3)G mutant class 

(third row) and the double mutant class (bottom row).  The first column is DAPI with the 

oval oocyte nucleus approximately in the center.  The second and third columns are a 
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slice of the Histone probe and Ubx probe, respectively.  The last column shows the merge 

of the first thee images.  The slices for each genotype are from the same nucleus but not 

at the same z-section in order to show the signal from each probe.   

 

  

 



62 

 

Figure 4: Cap-H2, mei-W68 double mutant oocyte pairing.   (A) Graph of pairing in the 

oocytes of stage 6/7 egg chambers.  The genotypes of the classes along the x-axis are as 

follows:  mei-W68
1
/+; Cap-H2

Z3-0019
/+(N≥40); Cap-H2 mutant is mei-W68

1
/+; Cap-H2

Z3-

0019/Df6159
 (N≥34); mei-W68 mutant is mei-W68

1/DG23501
; Cap-H2

0019
/+ (N≥35); Double 

mutant; mei-W68
1/DG23501

; Cap-H2
0019/Df6159

 (N≥27).  Listed underneath the genotype 

classes is the percent pairing for (top to bottom) the histone probe, the 34D probe, and the 

Ubx probe.   
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Supplemental:  

Figure S1:  Fertility of the Cap-H2 mutant.  The average hatch rates were tested for Cap-

H2
0019

/+ (purple bars) and Cap-H2
0019/e03210

 (blue bars).  Broods 1-3 were 4 days long 

with brood 4 at 5 days for a total of 17 days.  The average hatch rates are graphed from 

three trials with N>96 (average of 203) for Cap-H2
0019

/+ and N>200 (average 217) eggs 

laid for all the data points of Cap-H2
0019/e03210

.  For the last brood, 4, there is a significant 

deference between the heterozygote and homozygote, p<0.001. 
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Figure S2:  Recombination of the c(3)G, Cap-H2 double mutant.  Mapping between ru 

and h on the third chromosome was measured for Cap-H2
0019

/+; Cap-H2
0019

/+, c(3)G
68
/+ 

and c(3)G
68/68

, Cap-H2
0019/0019

.  For double mutant N=387. 
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Supplemental Methods: 

 

Female hatch rates: 

Females 1-3 days old were crossed with OrR males and flipped every 24 hours to a fresh 

grape juice plate with yeast paste.  For each brood, new males were added with the 

existing females.  The experiment was done in triplicate.  

Recombination:  

The two recombinant lines of c(3)G
68
, Cap-H2

Z3-0019
 either had roughoid (ru) or hairy (h).  

These two recombinant lines were crossed and homozygous females (ru +/+ h) were 

crossed to rucuca (ru
1
 h
1
 th

1
 st

1
 cu

1
 sr

1
 e
S
 ca

1
) males and scored for the presence of 

recombinants (ru h and  ++) or parental phenotypes (ru + and + h). 
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Abstract  

Dynamic regulation of chromosome structure is critical for fundamental cellular 

processes such as gene expression and chromosome segregation during cell division.  

Condensins are chromosome associated structural proteins that regulate chromosome 

dynamics.  However, the in vivo activities of condensins and functional interactors are not 

well understood.  We show that the chromo-barrel domain protein Mrg15 interacts 

directly with the Cap-H2 condensin II subunit, and genetic interactions demonstrate that 

Mrg15 function is essential for condensin mediated reorganization of polytene 

chromosomes. The chromo-barrel domain of Mrg15 is known to recognize methylated 

histone 3 lysine 36 (H3K36), and we show that loss of Set2 function, a methyltransferase 

responsible for H3K36 methylation, is also important for condensin mediated polytene 

dispersal.  In addition to its effect in polyploid cells, the Mrg15 mutation enhances Ubx 

transvection in diploid wing tissue.  These observations support a model where Mrg15 

and condensin II directly interact to inhibit homologous chromosome interactions and 

polytene structure.  We propose that Mrg15 acts to recognize methyl H3K36 to target 

and/or facilitate condensin II function.   
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Introduction 

Chromosome structure can be highly dynamic, and a dramatic example of how 

these structures change over time can be seen in proliferating cells that undergo repeated 

rounds of condensation, mitosis and chromosome decondensation.  Recent studies 

suggest that regulated changes in chromosome structure and movement are also 

important during interphase.  For example, interphase chromosomes can maintain a Rabl 

conformation, reorganize into chromosome territories and/or adopt organizational states 

that facilitate cell type specific gene expression (KOSAK and GROUDINE 2004; KUMARAN 

et al. 2008). Chromosome territories are specialized compartments that can be associated 

with expressed or silenced genes (CREMER and CREMER; LIEBERMAN-AIDEN et al. 2009).  

Interphase chromosome movement can occur when changes in gene expression during 

differentiation can lead to changes in physical location in the nucleus (CHUANG et al. 

2006; KOSAK et al. 2007; WILLIAMS et al. 2006).  That physical inter-chromosomal 

interactions could produce productive allelic interactions, a process known as 

transvection, was first described in the 1950s by Ed Lewis (LEWIS 1955).  Transvection 

occurs when an allele is trans-activated or repressed by its homologous allele.  This 

process is dependent on the proximity of the two homologous chromosomes in 3D space.  

The underlying molecular mechanisms of these and other examples of chromosomal 

structural reorganization and movements in interphase cells are not well understood.   

Protein complexes called condensins were originally identified for their role in 

regulating chromatin condensation in vitro (HIRANO et al. 1997).  Both condensin I and II 

contain two structural maintenance of chromosomes subunits, SMC2 and SMC4, that are 

highly conserved and contain ATPase domains (HIRANO 2006).  The chromatin 
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associated proteins, or CAPs, are necessary for the complex to be completely functional 

(BHAT et al. 1996; MURPHY and SARGE 2008).  Mammalian condensin I contains Cap-H, 

Cap-D2 and Cap-G while condensin II contains Cap-H2, Cap-D3 and Cap-G2 (ONO et al. 

2003; YEONG et al. 2003).  In vitro data has shown that Xenopus condensin I can interact 

with DNA directly and induce supercoiling (KIMURA and HIRANO 1997). Activation of 

condensin is in part by phosphorylation of the non-SMC subunits during mitosis 

(KIMURA et al. 1998).  However, mutations in condensin often give rise to anaphase 

bridging with only subtle defects in chromosome condensation (BHAT et al. 1996; 

HUDSON et al. 2003; STEFFENSEN et al. 2001).  Similarly, in Drosophila meiosis 

condensin mutants have been shown to have defects in synaptonemal complex 

disassembly, male chromosome territory formation and chromosome disjunction, but 

condensation in meiotic metaphase appears normal (HARTL et al. 2008b; RESNICK et al. 

2009). This may be because of redundant condensation functions provided by condensin I 

and II complexes or if other factors contribute to chromosome compaction.  For example, 

the retinoblastoma tumor suppressor protein interacts with the Cap-D3 condensin subunit 

and contributes to chromatin condensation (LONGWORTH et al. 2008).  Thus, it is unclear 

how condensin coiling activities contribute to in vivo condensation (BELMONT 2006).  

Moreover, it is not known whether condensins may be recruited to chromatin by other 

factors or whether the activities of chromatin bound condensins can be modulated by 

local chromatin environments.   

There is increasing evidence to suggest that condensins also have important 

functions in interphase.  In budding yeast condensin binding sites were found to overlap 

with RNA polymerase III transcription factor TFIIIC (D'AMBROSIO et al. 2008) 
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indicating that transcription factors may play an important role in condensin recruitment.  

. Also in budding yeast, stability of rDNA tandem repeats and dynamic clustering of 

tRNA genes to the nucleolus is condensin dependent (D'AMOURS et al. 2004; HAEUSLER 

et al. 2008; SULLIVAN et al. 2004; TAKAHASHI et al. 2008), and in fission yeast 

condensins organize clustering of Pol III controlled genes to centromeric positions within 

the nucleus (IWASAKI et al.).  In C. elegans condensins have been shown to be important 

for dosage compensation [reviewed in (MEYER 2005)], and in Drosophila condensins can 

modulate heterochromatin mediated gene silencing (COBBE et al. 2006; DEJ et al. 2004). 

In Drosophila, condensin II has been shown to be necessary and sufficient to disassemble 

polytene chromosomes, specialized polyploid interphase chromosomes that have aligned 

homologous sequences (HARTL et al. 2008a).  It has been suggested that this polytene 

dispersal phenotype may be an indirect consequence of interphase compaction forces that 

disrupt inter-chromosomal associations. This interpretation was supported by studies 

demonstrating that mutations in the Cap-H2 condensin subunit enhanced the productive 

interaction of transvecting alleles while overexpression of Cap-H2 could suppress 

transvection (HARTL et al. 2008a). That condensins may provide an interphase 

chromosome compaction activity is also supported by a recent report where mammalian 

stem cells with RNAi depleted condensin activity have less compact chromosomes and 

exhibit alterations in histone modifications (FAZZIO and PANNING). 

Condensin II is thought to function as a complex, but little is known about how 

the complex gets recruited to the chromosomes and regulated in vivo.  Our previous 

studies in Drosophila demonstrated that the degree of polytene chromosome dispersal 

was very sensitive to Cap-H2, Cap-D3 and Smc4 dosage and the severity of Cap-H2 
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mutant alleles(HARTL et al. 2008a). Because polytene chromosomes are so dramatically 

larger then chromosomes in diploid cells, we reasoned that polyteny could be used to 

validate condensin interacting proteins.  In addition, the condensin mutant effects on 

transvection of the Ubx locus gives us a diploid cell genetic assay for the in vivo 

functional interactions of candidate condensin interactors. Given these genetic validation 

tools, we wished to take a non-genetic approach to uncover as yet unidentified condensin 

II interacting proteins.  Such novel interacting proteins may serve to modulate in vivo 

condensin activities.  We performed a yeast two-hybrid screen to identify candidates that 

physically interacted with Cap-H2.  These interactions were then verified with 

immunoprecipitations, and using our genetic assays we validated in vivo interactions by 

quantitative analysis of polytene chromosomes and transvection at Ubx. Mrg15 was 

identified to physically and genetically interact with Cap-H2 such that Mrg15 is required 

for condensin II activity.  The methyltransferase, Set2, responsible for H3K36 

methylation also shows similar genetic interactions with Cap-H2.  These data suggest that 

Mrg15 acts as a chromatin tether by binding to methyl-H3K36 to anchor the condensin II 

complex and/or facilitate condensin function. 
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Results 

Cap-H2 and Mrg15 directly interact. 

We have previously shown that the condensin II subunit, Cap-H2, is required for 

polytene chromosome unpairing (HARTL et al. 2008a).  Although this activity is 

dependent on other condensin subunits, such as SMC4 and Cap-D3, it is not known what 

other factors may function to recruit and/or activate this condensin activity to chromatin.  

To identify proteins that interact with Cap-H2, a yeast two-hybrid screen was done using 

Cap-H2 cDNA as the bait fused to the GAL4 DNA binding domain (GAL4BD).  A 

cDNA library from Drosophila ovarian mRNA was constructed as GAL4-activation 

domain (GAL4AD) fusions and was used as the prey.  Each clone able to grow on 

selective media was picked and restreaked to single colonies on selective media. Of 

approximately 10
5
 total putative cDNA clones that were plated we recovered 124 clones 

that were able to grow under selection suggesting a possible interaction between 

GAL4BD-Cap-H2 and a prey protein. cDNA inserts were PCR amplified using universal 

vector primers and recloned into the prey vector by homologous recombination.  Of 

these, 84 clones retested as positive, and their inserts were sequenced and identified by 

BLAST searches against the Drosophila melanogaster genome (Table S1).  We found 

that a disproportionate number of clones encoded known or predicted ribosomal proteins 

(21 clones) and translation regulatory factors (seven clones).  In addition, yolk protein 1 

(CG2985) was represented by seven independent clones.  We speculate that these 

interactions may not be specific, and they are over-represented because of the vast 

abundance of transcripts encoding protein synthesis and yolk proteins in the ovary.   
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Two additional genes were represented by three or more Cap-H2 interacting 

clones:  Rack1 (CG7111) was recovered in seven clones while Mrg15 (CG6363) was 

recovered in three clones (Table S1). In an in vitro protein translation system Rack1 

protein exhibited only weak protein-protein interactions with Cap-H2, and three different 

Rack1 mutants (Rack1
1.8
, Rack1

EY00128
, Rack1

EE
) failed to modify nurse cell polytene 

phenotypes caused by Cap-H2 and Smc4 mutations (data not shown).  Therefore, we did 

not pursue Rack1 as an interactor of condensin function.  Here, we report further analysis 

of the Cap-H2 interaction with Mrg15.  

The Mrg15 gene is found in all metazoans and is the yeast Eaf3 homolog 

(BERTRAM and PEREIRA-SMITH 2001).  It has been shown to contain an MRG-domain as 

well as a chromodomain that can bind histone H3 trimethyl lysine-36 in yeast and 

humans and histone H3 trimethyl lysine-4 in yeast (ZHANG et al. 2006).  A protein map 

in Figure 1A shows the portions of Mrg15 that were recovered from the yeast two-hybrid 

screen.  All three of the interacting Mrg15 cDNA inserts contain the C-terminal MRG 

domain while lacking the N-terminal chromodomain, suggesting that the MRG domain is 

sufficient for the interaction with Cap-H2.  Subsequently, C-terminal deletions were 

constructed and tested, and these did not exhibit any interaction with the GAL4BD-Cap-

H2 bait (Figure 1A and data not shown), further demonstrating that the MRG domain is 

necessary for a two-hybrid interaction with Cap-H2.   

To validate that Mrg15 and Cap-H2 proteins interact directly in a cell free system, 

cDNA clones for each were used in in vitro transcription and translation reactions in the 

presence of 
35
S-methionine.  HA-tagged Mrg15 could co-immunoprecipitate with Cap-

H2 by using the HA antibody (Figure 1B lane 2).  In the reciprocal experiment, Myc-
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Cap-H2 could co-immunoprecipitate with Mrg15 (Figure 1B lane 1).  When equivalent 

amounts of both Mrg15 and Cap-H2 labeled translation products were incubated with 

beads and non-specific rabbit IgG there was no significant amount of either protein that 

was precipitated (Figure 1B lane 4).   

Next the interaction was tested in cell culture using S2 cells.  Both Mrg15 and 

Cap-H2 cDNA clones were inserted into pMT expression vectors under the control of the 

metallothionein promoter, and these plasmids were co-transfected into cells and induced 

to express as V5-tagged proteins.  First, we validated that expression of V5-tagged 

antigens indeed corresponded to Mrg15 by immunoblotting an induction time course with 

anti-Mrg15.  We observed that within 12-hours after induction a 50-60KD band 

corresponding to Mrg15 was detected with anti-Mrg15 (Figure 1S).  The membrane was 

stripped and reprobed with anti-V5 to detect both Mrg15-V5 and Cap-H2-V5 (Figure 

1S).  This confirmed that anti-V5 could detect a band of appropriate migration for Mrg15 

(predicted 48KD) and a ~110KD band corresponding to Cap-H2-V5 (Figure 1S).  We 

were not able to detect Cap-H2-V5 with anti-Cap-H2 antibodies (data not shown), and we 

speculate that this protein is not expressed at sufficient levels to be detected by our weak 

antibodies. These same S2 extracts were then aliquoted into equal volumes and used for 

immunoprecipitations with pre-immune serum from rabbits in which the anti-Cap-H2 

antibodies were raised, anti-Mrg15 and anti-Cap-H2. Immunoblots were subsequently 

probed with anti-V5 antibodies.  We observed that pre-immune serum was not able to 

pellet any V5-tagged antigens suggesting that IgG molecules or beads alone do not 

precipitate either Cap-H2 or Mrg15 protein. By contrast, anti-Mrg15 and anti-Cap-H2 

sera were both able to pellet a ~50KD V5-tagged antigen (Figure 1C). 
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Lastly, we tested if endogenous Mrg15 and Cap-H2 proteins from ovarian extracts 

could be found to co-immunoprecipitate.  We observed that anti-sera to Cap-H2, Cap-D3 

and Mrg15 were able to immunoprecipitate a protein of appropriate mass from ovarian 

extracts that was recognized by the anti-Cap-H2 antibodies (Figure S2).  Together, these 

data suggest that Cap-H2 and Mrg15 interact directly in a yeast two-hybrid, in co-

immunoprecipitations of in vitro translated proteins as well as from S2 and ovarian cell 

extracts. 

 

Mrg15 is required for condensin mediated salivary gland polytene dispersal. 

To test if Mrg15 and Cap-H2 interact in vivo, a functional genetic test was done 

using salivary gland cells.  Wildtype larval salivary gland nuclei are polyploid and 

contain one to two thousand copies of the each chromosome arranged in register to form 

a structure called polytene chromosomes.  Since we had previously shown that Cap-H2 

overexpression in the larval salivary gland was sufficient for disassembly of polytene 

chromosomes (HARTL et al. 2008a), we asked whether Mrg15 function was necessary for 

this condensin  mediated reorganization of salivary gland chromosomes.  The LacO/LacI-

GFP system (VAZQUEZ et al. 2002) allows visualization of the pairing status of a single 

locus (the exogenous LacO array) in the genome.  In cells expressing wildtype levels of 

Cap-H2 there is one GFP spot or band because polytene chromosomes have all 

homologous sequences paired (Figure 2A-C).  When UAS>Cap-H2 is overexpressed by a 

heat shock driven Gal4 the chromosomes become non-polytene and the sister chromatids 

disperse giving multiple GFP signals (Figure 2D-F).  We previously demonstrated that 

this Cap-H2 overexpression phenotype could be suppressed by mutations in the Cap-D3 
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condensin II subunit (HARTL et al. 2008a). Here, we show that expression of double 

stranded RNA by a UAS>Cap-D3, UAS>Cap-H2 or UAS>Smc4 RNAi transgenes also 

suppress the Hs>Gal4, UAS>Cap-H2 overexpression phenotype (Figure S5). Expression 

of UAS>RNAi targeting Cap-G, Cap-H (barren), Smc3 and Smc5 and Polo kinase only 

gave partial rescue of the polytene dispersal phenotype (Figure S5). By contrast, 

UAS>RNAi targeting Cap-D2, Smc1, trithorax and enhancer of zest had no significant 

suppression of the polytene dispersal phenotype (Figure S5). Together, these data support 

a model where Cap-H2 most likely functions in the context of condensin complex to 

disperse polytene chromosomes since knock-down of other condensin subunits produces 

partial or complete suppression. More importantly, this demonstrates that double stranded 

RNA expression in the salivary gland cells can be an effective quantitative assay for Cap-

H2 interacting genes. 

We used this Hs>Gal4/UAS>RNAi system to test whether Mrg15 interacts with 

Cap-H2. When UAS>Mrg15 RNAi alone is crossed to the heat shock driven Gal4 the 

polytene structure is maintained after heat shock (Figure 2A-C).  The introduction of 

UAS>Mrg15 RNAi into the Hs>Gal4, UAS>Cap-H2 overexpression suppressed the non-

polytene phenotype as indicated by one GFP signal (Figure 2G-I).  Using this LacI-GFP 

system, the number of distinct spots and the maximum distance between the two furthest 

spots was calculated (Figure 2M and N).  In the UAS>Mrg15 RNAi; Hs>Gal4, 

UAS>Cap-H2 overexpression, both the number of GFP spots and the maximum distance 

between spots was reduced significantly compared to Cap-H2 overexpression alone (p 

values <10
-8
 and <10

-5
, respectively).   
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An Mrg15 mutant, Mrg15
j6A3
, was also crossed into the LacO/LacI-GFP 

Hs>Gal4, UAS>Cap-H2 overexpression line.  We observed an intermediate degree of 

suppression (Figure 2J-L), however the number of spots was significantly reduced (p<10
-

4
) as was the maximum distance (p=0.02).  This suggests that the Cap-H2 overexpression 

phenotype is very sensitive to Mrg15 dosage.  We conclude that Mrg15 function is 

required in vivo for Cap-H2 mediated salivary gland polytene disassembly. 

 

Mrg15 mutants enhance condensin II partial loss of function in ovarian nurse cells. 

In wildtype egg chambers, polyploid nurse cells undergo a transition from the 

polytene structure to non-polytene during stage 5 (DEJ and SPRADLING 1999).  It has been 

shown that this developmentally regulated chromosome reorganization is condensin II 

dependent, and thus we used this polytene to non-polytene transition to test whether 

Mrg15 function was also required.  We used fluorescent in situ hybridization (FISH) with 

probes spanning approximately 350Kb to each of three different genomic locations, the 

Ubx, Cap-H2 and 34D loci.  Confocal 3-dimensional images of stage 6/7 egg chamber 

nurse cells were acquired, and the number of discrete FISH signals in each nurse cell 

nucleus for each probe is a direct measure of chromatid and homolog pairing within the 

polytene structure (DEJ and SPRADLING 1999; HARTL et al. 2008a).  We detected 15 to 17 

spots per wildtype nurse cell depending on the probe used (Figure S3).  Homozygous 

mutant Cap-H2 nurse cells show complete polytene structure, have only one large 

detectable FISH spot and therefore are not useful for testing enhancers of nurse cell 

polytene structure (HARTL et al. 2008a).  To assay for a genetic interaction we used a 

sensitized background that is not completely polytene.  Double heterozygous mutations in 
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the condensin II complex (SMC4
k08819

/+; Cap-H2
Z3-0019

/+) give an intermediate 

phenotype in the nurse cells of the egg chamber, with 5 to 8 spots per nucleus (Figure 

3D-F), as previously shown (HARTL et al. 2008a).   

If Mrg15 is working with the condensin II complex, then a mutation in Mrg15 

should enhance the condensin II intermediate phenotype, further limiting condensin II 

function.  The heterozygous Mrg15
j6A3
 alone does not affect nurse cell polytene (Figure 

3A-C).  By contrast, when the Mrg15
j6A3
 mutant was crossed into the double 

heterozygous mutant condensin II complex, there was a decrease in the number of spots, 

indicating a more polytene-like structure (Figure 3G-I).  For each of the three FISH 

probes, there was a significant difference between the double heterozygote 

(SMC4
k08819

/+; Cap-H2
Z3-0019

/+) and the SMC4
k08819

/+; Cap-H2
Z3-0019

/Mrg15 
j6A3
 (p<10

-

11
 for Ubx, p<10

-7 
for 34D, p<10

-12
 for Cap-H2). A deficiency (Df(3R)BSC741) that 

deletes the entire Mrg15 locus crossed into the sensitized background also decreased the 

number of FISH spots (Figure 3J-L).  The Mrg15 deficiency alone did not change the 

number of FISH spots, as compared to wildtype cells, and exhibited no other obvious 

nurse cell phenotypes (Figure S3).  Consistent with our observations in the salivary gland 

(Figure 2), both Mrg15 and condensin II functions are required to normally disrupt 

polytene chromosomes in the ovary. 

 

Mrg15 mutation enhances homologous chromosome interactions. 

Our observations indicated that Mrg15, like Cap-H2, inhibits inter-chromosomal 

interactions in polyploid cells, and we wished to determine whether this was also true in 

diploid cells.  Previously we showed that in diploid cells Cap-H2 mutations enhance 
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trans-activation (transvection) at the yellow and Ubx loci, while overexpression can 

suppress transvection at Ubx (HARTL et al. 2008a).  This trans-activation of one mutant 

allele by the second allele is thought to require extensive physical interactions between 

the two homologous chromosomes, and chromosomal rearrangements that disrupt diploid 

homolog pairing also suppress transvection (LEWIS 1955).  The Ubx
Cbx-1 

Ubx
1
/++ system 

is one way to assay for homologous chromosome interactions (LEWIS 1955).  Ubx is 

normally expressed in non-wing tissues to repress wing-specific gene expression.  

However, in the Ubx
Cbx-1 

Ubx
1
/++ genetic background the Cbx enhancer can express Ubx 

in the wing and disrupt development of the ventral side of the wing.  This is true despite 

the fact that the Ubx
1
 mutation in cis with the Cbx enhancer, is a Ubx null (Figure 4B).  

Lewis proposed that the Cbx enhancer activates, in trans, the wild-type copy of Ubx on 

the homologous chromosome (LEWIS 1955).  If Mrg15 is inhibiting these trans 

interactions, than a mutation in Mrg15 will allow for more trans interactions and 

therefore an enhancement of transvection.  We observed that a heterozygous Mrg15 

mutation enhances the Ubx
Cbx-1 

Ubx
1
 transvection phenotype (Figure 4C) similar to the 

Cap-H2 mutant (HARTL et al. 2008a).  We considered the possibility that Mrg15 is a 

general repressor of Ubx transcription, and this could explain the increase wing 

phenotype.  One control for this is the transposition of the wild-type allele of Ubx to a 

non-allelic position, by a chromosomal rearrangement, which would be expected to have 

no effect on the ability of the Mrg15 mutation to increase Ubx expression in the wing.  

However, if the Mrg15 mutation enhancement of transvection is homolog-pairing 

dependent then the transposed Ubx should not show a phenotype.  We found that 

enhancement of transvection at Ubx by a mutation in Mrg15 does not occur in the 
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translocation background (Figure S4).  These data strongly suggest that Mrg15, like Cap-

H2, functions to antagonize trans-interactions between homologous chromosomes in 

diploid tissue. 

 

The Methyltransferase Set2 genetically interacts with Condensin II. 

The chromodomain of Mrg15 has been shown to bind H3K36me2 in vitro 

(ZHANG et al. 2006), a histone modification that is thought to be mediated in vivo by the 

methyltransferase Set2 (STRAHL et al. 2002).  Therefore, we considered the possibility 

that the H3K36 methyl mark and/or Set2 activity may be important for the functional 

interaction of Mrg15 and Cap-H2 proteins.  If this is true, then Set2 mutants and RNAi-

knockdowns should modify condensin mediated phenotypes in polytene and diploid 

chromosomes.  First, UAS>Set2-RNAi alone was tested in the salivary glands when 

expressed using a Hs>Gal4.  We observed that two different UAS>Set2-RNAi transgenic 

lines exhibited no phenotype, as one GFP signal was observed in all salivary gland nuclei 

(Figure 5A-C).  Overexpression of Cap-H2 causes dispersal of polytenes, as quantified 

by the number of GFP spots and the maximum distance between spots (Figure 5D-F).  

When the UAS>Set2-RNAi was crossed to the Hs>Gal4, UAS>Cap-H2 overexpression 

line, there was a significant suppression in both number and distance of GFP signals 

(p<10
-6
 and p<10

-3
), respectively (Figure 5G-K).   

We next tested a Set2 mutation in the ovary for possible enhancement of the 

condensin II intermediate polytene phenotype.  The Set2
489

/+ heterozygote did not show 

a nurse cell phenotype of its own (Figure 6A-C).  The intermediate phenotype of the 

SMC4
k08819

/+; Cap-H2
Z3-0019

/+ is shown again in Figure 6D-F.  By contrast, the 
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Set2
489

/+; SMC4
k08819

/+; Cap-H2
Z3-0019

/+ triple heterozygote showed enhancement that 

was significantly different than the SMC4
k08819

/+; Cap-H2
Z3-0019

/+ double heterozygote 

(p<10
-7
, p<10

-11
, p<10

-9
, Figure 6G-J).  As with the genetic interaction in the salivary 

gland, the enhancement in the ovary was not as strong as that observed for the Mrg15 

mutation (Figure 3), however the degree of enhancement by the Mrg15 mutation was not 

significantly different from the degree of enhancement by the Set2
489

 mutation (p=0.08, 

0.19, 0.15).  These genetic interactions are consistent with a Set2 functional requirement 

for condensin mediated chromosome reorganization in polyploid cells.  Although these 

data suggest a role for the methyl-H3K36 histone mark and the Mrg15 chromodomain in 

condensin mediated chromosome interactions, they do not directly test whether Set2 

mediated H3K36-methylation is important for this process.   

We also tested whether Set2 mutations could modify trans-activation of the Ubx 

in the Ubx
Cbx-1

 Ubx
1
 transvection assay.  We found that Set2 mutations had no 

consequence on this type of inter-chromosomal interaction (Figure S4).  However, since 

Set2 is an essential gene we were not able to test whether Set2 homozygotes could 

modify transvection at Ubx.   

 

Condensin II levels on chromatin is dependent on Mrg15 levels. 

The physical interaction between Cap-H2 and Mrg15 that maps specifically to the 

non-chromodomain suggested that perhaps the MRG-domain could act as an adaptor that 

recruits Cap-H2, while the chromodomain serves to tether the Cap-H2-Mrg15 complex to 

chromatin.  Furthermore, the genetic interaction between Cap-H2-Mrg15 and Cap-H2-

Set2 also suggests a model in which Cap-H2-Mrg15 protein complexes bind to chromatin 



84 

 

via methyl-H3K36 (Figure 7H-I).  Alternatively, Cap-H2 and Mrg15 each localize to the 

chromatin independently of each other and then Mrg15 may regulate the condensin 

complex activity through its interaction with Cap-H2 (Figure 7J-K). The recruitment 

model predicts that if levels of Mrg15 or Set2 were reduced, than the condensin II 

subunits on the chromatin would also be reduced.  If, however, Mrg15 or Set2 is reduced 

and condensin II levels remain the same, then this would support independent recruitment 

of Mrg15 and Cap-H2. These two models are not mutually exclusive as it is also possible 

that different populations of condensin II complexes may be recruited and regulated in 

different ways.  

We used antibody staining to look at levels of condensin II subunits on the 

chromatin in UAS>Mrg15-RNAi and UAS>Set2-RNAi expressing cells.  In order to 

quantitatively compare immuno-staining levels we utilized a mosaic genetic system that 

provides an internal control.  When a short heat shock is given in embryonic 

development, a heat shock driven Flipase (FLP) will recombine out (“FLP-out”) a FRT-

flanked cd2 intron in an Act5>FRT-cd2-FRT-Gal4 transgene and give rise to a 

Act5>Gal4 transgene; this new transgene drives constitutive Gal4 expression only in a 

subset of somatic cells that received a sufficient level of FLP expression (PIGNONI and 

ZIPURSKY 1997).  Gal4 can then bind to the UAS>GFP and UAS>RNAi to drive GFP 

expression and RNAi throughout the rest of development only in the subset of cells that 

have undergone FLP mediated recombination.  This will result in a mosaic tissue and 

mark the RNAi-expressing cells with GFP while GFP-negative cells in the same tissue do 

not express the RNAi transgene (Figure 7A).   
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Homozygous transgenic flies carrying UAS>Mrg15-RNAi were crossed into the 

FLP-out mosaic-generating line. Late embryos produced from this cross were heat 

shocked, creating larvae harboring mosaic salivary glands with either GFP+ and RNAi-

expressing cells or GFP- cells not expressing RNAi.  The mosaic glands were immuno-

stained with antibodies to SMC4, Cap-D3 and Cap-H2.  The channel with antibody 

staining and the channel with GFP were quantified (Figure 7B).  The GFP quantification 

was significantly higher in some nuclei, confirming induction of the mosaic tissue, and 

GFP+ cells were scored as Mrg15-RNAi expressing cells.  When antibody’s to Cap-D3 

and Cap-H2 were used, there was a slight, but significant decrease in staining in the 

Mrg15-RNAi expressing cells when compared to adjacent GFP- cells (p≤0.01).  Both of 

these subunits are part of the condensin II complex.  When we stained with anti-Smc4, a 

subunit that is common between condensin I and II, the fluorescent signal was not 

significantly different between the Mrg15-RNAi nuclei and the non-RNAi nuclei.  These 

data suggest that RNAi depletion of Mrg15 function results in a small but significant 

decrease in nuclear localized Cap-H2 and Cap-D3 proteins. 

 

Set2 levels are important for maintenance of the H3K36me3 modification in vivo 

Previous studies have shown that Set2 travels with the processive form of RNA 

polymerase II, during transcription elongation, and Set2 histone methyltransferase 

activity methylates H3K36 along the body of transcribed genes (MORRIS et al. 2005; 

XIAO et al. 2003). We wished to use the FLP-out Gal4 mosaic system described above to 

test whether UAS>Set2 RNAi knock-down could decrease H3K36me3 levels in vivo. 

UAS>Set2-RNAi was crossed into the FLP-out Gal4 line and mosaic salivary glands 
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were produced, as described above. Immuno-staining with anti- H3K36me3 antibodies 

demonstrated that H3K36me3 staining was significantly decreased (p< 10
6
). The same 

mosaic experiment was repeated and anti-H3K4me2 staining showed no significant 

differences between GFP- (no RNAi) and GFP+, UAS>Set2 RNAi expressing salivary 

gland cells (p=0.24, Figure 7C-G).  To test whether Set2 was required for recruitment of 

condensins an antibody to Cap-D3 was used in the UAS>Set2 RNAi mosaics.  We 

observed that there was a small but significant decrease in Cap-D3 staining in the GFP+, 

UAS>Set2 RNAi expressing cells (p<10
-6
). This suggests that in this system the 

Drosophila Set2 methyltransferase is likely to be specific for methylation of H3K36. In 

addition, Set2 may be required to recruit Cap-D3 onto salivary gland polytene 

chromosomes. 

To further test whether Mrg15 binding to Set2 mediated methyl marks on H3K36, 

we used synthetic peptides containing histone H3 amino acids 21-44 and H3K36 

dimethylated amino acids 29-49 and assayed binding activities of 
35
S-labeled in vitro 

translated Mrg15 and/or Cap-H2. As controls we also used peptides from H3 amino acids 

1-21 with K9 dimethyl marks. However, we were not able to show specific binding of 

either protein alone or in combination when tested with H3K36me2 or H3K9me2 

peptides, when compared to non-methylated peptides (Figure S6). Thus, although both 

Mrg15 and Set2 are required for condensin mediated polytene dispersal in vivo, we 

cannot at present determine whether Set2 histone H3 methylation is necessary for this in 

vivo condensin activity. 
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Discussion 

We have shown that the condensin II subunit, Cap-H2, directly interacts with the 

chromo-barrel domain protein Mrg15.  The MRG domain of Mrg15 was responsible for 

the interaction between Mrg15 and Cap-H2 in a yeast two-hybrid assay.  

Immunoprecipitation with in vitro translated proteins, S2 cells and ovarian extracts 

further supports this interaction.  Genetically, Mrg15 mutants enhanced Cap-H2 mediated 

polytene dispersal in ovarian nurse cells while Mrg15 RNAi knock-down in the salivary 

glands suppressed Cap-H2 induced polytene dispersal.  Mutations in Mrg15 showed 

similar enhancement of transvection of the Ubx locus, as previously reported for Cap-H2 

mutants. These genetic data suggest that Mrg15 mediates Cap-H2 dependent polytene 

chromosome disassembly, and Mrg15 may also function to antagonize trans-interactions 

in diploid cells.  Using somatic mosaic analysis where specific cells were depleted for 

Mrg15 function by RNAi knock-down we found that both Cap-H2 and Cap-D3 nuclear 

localization was reduced (Figure 7B), consistent with a model in which Mrg15 function is 

required for condensin II enrichment in the nucleus and/or chromatin (Figure 7H-K). 

In addition, the methyltransferase Set2 exhibited genetic interactions with Cap-H2 

(Figures 5, 6, 7).  Set2 protein can methylate H3K36 (BELL et al. 2007) and Mrg15 can 

bind to that same methyl mark (JOSHI and STRUHL 2005), although we were not able to 

demonstrate Mrg15 binding in an in vitro peptide assay (Figure S6).  Somatic mosaic 

analysis where specific cells were depleted for Set2 function by RNAi knock-down 

exhibited a decrease in global H3K36me3 (Figure 7 C-G). We propose two possible non-

mutually exclusive models consistent with these observations and previously studies 

describing Mrg15 and Set2 functions: First, Set2 is brought to chromatin by RNA polII 
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and travels with the transcription machinery to methylate H3K36 along the body of active 

genes (KIZER et al. 2005).  Set2-dependent methylation allows Mrg15 binding through its 

chromodomain (Figure 7H-I). This allows tethering or enrichment of Cap-H2 to 

chromatin through direct protein-protein interactions with the MRG-domain of Mrg15. 

The mosaic tissue data (Figure 7B) support the idea that Cap-H2 and Cap-D3 recruitment 

is partially dependent on Mrg15. Although significant, the difference in Cap-H2 and Cap-

D3 immuno-staining between Mrg15 knock-down and wildtype cells within the same 

tissue was subtle. Therefore, we speculate on a second model in which Cap-H2 and other 

condensin subunits are recruited to chromatin independently of Mrg15 or Set2, but that 

regulation of chromatin bound condensin activity requires both Mrg15 and Set2 functions 

(Figure 7J-K). Currently, we cannot distinguish between these two models.  

Although we speculate that Set2-dependent methylation of histone H3 possibly 

contributes to in vivo Cap-H2 mediated polytene dispersal, we cannot rule out an 

interaction that is independent of the Set2 methyltransferase function. Furthermore, the 

effects seen in Set2 mutants and RNAi knock-down tissues are not as strong as those seen 

with Mrg15, which is consistent with a secondary, indirect Set2 interaction with Cap-H2.  

Finally, to test the specificity of the RNAi, two UAS>Set2-RNAi lines were used in the 

salivary gland and both gave similar levels of suppression (Figure S5).  The observations 

that two different RNAi transgene and Set2 mutations all give less robust genetic 

interactions with Cap-H2, relative to Mrg15, make it unlikely that this is due to 

incomplete knock-down and dosage effects. However we cannot exclude a dosage effect, 

and future studies using null and methyltransferase dead Set2 mutants will be required to 

test the role of this enzyme on condensin function.  
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When Set2 was tested in the Ubx
Cbx

 Ubx
1
 genetic background, no enhancement of 

transvection was observed (Figure S4).  The interactions in the salivary glands and 

ovaries were not as great as those seen with Mrg15 (compare Figure 2, 3 to Figure 5, 6).  

It is possible that other methyltransferases could be methylating the H3K36 when Set2 

dosage is depleted by heterozygousity or by RNAi.  A second methyltransferase gene, 

dMes-4, was found to be important for di-methyl-H3K36 (BELL et al. 2007; BENDER et 

al. 2006) and may be able to compensate during Set2 depletion.  Another possibility is 

that Mrg15 may recognize other methylated histone sites.  The Mrg15 yeast homologue, 

Eaf3, can bind to methyl-H3K4 (JOSHI and STRUHL 2005).  This is an interesting 

possibility and suggests that the differences in severity we observe between Set2-Cap-H2 

and Mrg15-Cap-H2 genetic interactions could be because Mrg15 and/or other 

methyltransferases may direct condensin activities to other histone methyl marks. In 

future studies it will be of interest to test trithorax-group H3K4 methyltransferases 

(trithorax, Ash1 and Ash2) known to regulate H3K4 methylation as possible candidate 

interactors of condensin activity.    

Mrg15 can also associate with chromatin through interactions with the Tip60 

complex (KUSCH et al. 2004), and potentially provide a chromodomain-independent 

recruitment of condensins.  Therefore, we tested reptin and Tip60 mutants in both the 

salivary glands and the ovary.  RNAi to reptin led to high larval lethality and those few 

larvae that were alive had very small salivary glands (data not shown).  In the ovary, two 

different reptin mutants showed similar levels of enhancement when crossed to the 

SMC4
k08819

/+, Cap-H2
Z3-0019

/+ double heterozygote (Figure S3).  The level of 

enhancement was equal if not greater than that of the Mrg15 mutants (Figure S3 and 
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Table S2).  This is consistent with the idea of the two proteins, reptin and Mrg15, 

working in the same complex.  In Drosophila, Mrg15 and reptin proteins have been co-

purified and also show similar genetic interactions in position effect variegation (KUSCH 

et al. 2004; QI et al. 2006).  Interestingly, the reptin protein and its binding partner 

pontin, also known as RVB2/RVB1, may have DNA/RNA binding functions and 

participate in a variety of chromatin remodeling complexes (JHA and DUTTA 2009), 

further linking condensins and Mrg15 to chromatin and histone modifying activities. 

When we performed RNAi to Tip60 in conjunction with Cap-H2 overexpression in the 

salivary glands, there was no significant suppression observed (Figure S5).  However, 

when Tip60 mutants were crossed into the SMC4
k08819

/+; Cap-H2
Z3-0019

/+ double 

heterozygote we did observe significant suppression (Figure S3).  This means that the 

ovarian nurse cells became less polytene and looked more like wildtype, which is 

contrary to the enhancing effect that Mrg15 and Set2 have (Figure 3 and 6).  

Interestingly, this suggests that Tip60 may actually be restricting the amount of polytene 

disassembly that occurs.  Alternatively, the lack of Tip60 may release Mrg15 and allow 

more of it to bind Cap-H2 and thus facilitate polytene chromosome dispersal.  These data 

indicate that Mrg15 and reptin, but not Tip60, may be working in a complex in the nurse 

cells. 

Mrg15 is known to interact with a variety of histone modifying activities and 

chromatin factors [for review (GARCIA and PEREIRA-SMITH 2008)]. Human Mrg15 co-

localizes with transcriptional factories marked by the elongating form of RNA 

polymerase II, phospho-Serine 2, which facilitates Set2 methylation of H3K36 

(HAYAKAWA et al. 2007). In both mammalian and Drosophila cells the retinoblastoma 



91 

 

(Rb) transcriptional repressor has been shown to directly interact with the Cap-D3 

condensin II subunit (LONGWORTH et al. 2008). The Rb protein also forms a complex 

with Mrg15, and Mrg15 blocks the Rb transcriptional repressor activity (LEUNG et al. 

2001). Together these observations suggest that chromatin factors, such as Mrg15 and 

Rb, facilitate condensin activities in vivo.  These protein complexes also raise the 

interesting possibilities that in proliferating cells condensins interact with chromatin 

remodeling complexes in order to coordinate cell cycle progression and transcriptional 

regulation to changes in global chromosome structure. Coordination of chromosome 

organization and transcription is likely to be important for maintenance of gene 

expression states while also accommodating repeated rounds of DNA replication, 

condensation and decondensation. Whether condensins are master regulators or minor 

players in coordinating global interphase chromosome structure with transcriptional 

processes remains to be determined.  
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Methods and Materials 

Yeast two-hybrid cDNA expression library screening: 

 Total RNA was extracted from ovaries of Drosophila melanogaster strain cn bw 

sp (Bloomington stock #4455) using Trizol reagent (Invitrogen).  Poly-A
+
 RNA was 

enriched using Poly-ATtract mRNA Isolation System (Promega).  Subsequent cDNA 

library construction and screening was performed using BD Matchmaker Library 

Construction and Screening Kits (BD Biosciences-Clontech).  Briefly, poly-A RNA was 

used to synthesize first-stranded cDNA with CDS III oligo (dT) primer and the BD 

SMART III primer and the synthesized first-strand cDNA molecules were flanked at 5’ 

and 3’ ends by BD SMART III and CDS III anchors, respectively.  The cDNA was 

amplified by PCR with primers of BD SMART III and CDS III anchors to generate a 

double-stranded cDNA library.  Then, this cDNA library was transformed into yeast 

strain AH109 together wit linear vector pGADT7-Rec and Cap-H2 bait construct in 

vector pGBKT7 in order to screen the library according to the kit manual.  The 

transformed yeast cells were directly plated on quadruple dropout standard defined 

medium lacking adenine, histidine, leucine and tryptophan.  The number of total possible 

transformants were calculated by plating dilution aliquots of each transformation reaction 

on double dropout plates lacking leucine and tryptophan which merely selected for the 

presence of the bait (pGBKT7) and prey (pGADT7-Rec) plasmids; in this case growth 

was not dependent on two-hybrid interacting proteins. Individual colonies that supported 

growth on quadruple dropout plates were collected, restreaked on selective media and 

putative cDNA inserts were PCR amplified with primers of BD SMART III and CDS III 

anchors, as above.  These PCR products were transformed back into AH109 together 
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with linear vector pGADT7-Rec and Cap-H2 bait construct in vector pGBKT7, as above. 

PCR products that gave high levels of transformants on quadruple dropout media were 

analyzed further by PCR amplification of three different clones to confirm single insert 

size and by DNA sequencing. Clones with more than one insert were re-transformed into 

yeast as above, and clones that could not be sequenced were discarded. Sequences 

mapping to Drosophila open reading frames were identified by blast searches. 

 

In vitro transcription/translation and co-Immunoprecipitations: 

Yeast cells of possible positive clones were used for PCR to amplify insert DNA with 

primers spanning the T7 promoter, Myc or HA tag and terminators.  PCR DNA was used 

as template in in vitro transcription/translation system TNT T7 Quick for PCR DNA 

(Promega) in presence of [
35
S] methionine to synthesize proteins.  The reaction was 

performed at 30°C for 90 minutes.  Radio-labeled proteins were applied to co-

immunoprecipitation (co-IP) with anti-Myc and anti-HA antibodies (Sigma) and rabbit 

IgG (Sigma). 

 Translated proteins were mixed and assayed for binding in Co-IP buffer (150mM 

NaCl, 50 mM Tris-HCl pH8.0, 2.5mM EDTA, 2.5mM EGTA, 1% NP-40, 1mM PMSF, 

1% protease inhibitor cocktail (Sigma) on ice for 2 hours, then added with antibody 

against epitope tag or rabbit IgG diluted to 1:100, and the proteins were incubated on 

rotator at 4°C for 2 hours.  30µL of 50% protein G agarose bead suspension in co-IP 

buffer was added into proteins and incubated for 2 hours.  The beads were washed with 

co-IP buffer 9 times and proteins were washed off with SDS-PAGE sample buffer.  

Immunoprecipitated proteins were resolved in SDS-polyacrylamide gel electrophoresis.  
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Radio-labeled proteins were visualized in gels after drying at 80°C for 90 minutes and 

applied to autoradiography.  If proteins were not radioactive, the gel was processed for 

western analysis by semi-wet gel transfer onto PVDF membrane using Hoefer TE77 unit 

(Amersham Biosciences).  Blocking was done with TBS blocking buffer containing 5% 

milk powder and 0.05% Tween-20 for 1 hour and probed with primary antibody diluted 

1:5,000 in TBS blocking buffer for 2 hours.  Blots were washed in TBS buffer with 

0.05% Tween-20 for 4 times, 5 minutes each, and treated with HRP-conjugated 

secondary antibody diluted 1:10,000 in TBS blocking buffer for 1 hour and washed 9 

times with 0.05% Tween-20 TBS, 5 minutes each.  The blot was detected by using 

SuperSignal West Dura Extended Duration Substrate (Pierce) for chemiluminescence. 

Cell transfection and protein extraction 

 Mrg15 and Cap-H2 cDNAs were cloned in pMT/V5-His-TOPO (Invitrogen), 

which has metal-inducible Drosophila methallothionein (MT) promoter to drive gene 

expression.  These constructs were used for cell transfection.  Drosophila S2 cells were 

resuspended in fresh M3 (Sigma) medium without fetal calf serum (FCS) and cell density 

was 3.5X10
4
/mL.  1.5mL of cells were placed into each well in a 6-well plate and placed 

at 25°C for 1 hour and cells were allowed to attach.  Cells were washed with 2mL of 

medium HG-CCM3 (HyClone) without disturbance of attached cells.  First, a mixture of 

2µg of pMT-Cap-H2V5 or pMT-Mrg15V5 plasmid DNA, 1µg of a selectable marker 

plasmid pH8CO (Rebay et al. 1991) and 100µL of HQ-CCM3 was made.  Then, a 

solution of 10µL of Cellfectin (Invitrogen) and 100µL of HQ-CCM3A was added.  Next 

800µL of HQ-CCM3 was added to 200µL of the DNA/Cellfectin mixture.  The 1mL 

mixture was added into each well containing cells without mixing and incubated at 25°C 
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for 5 hours.  The transfection reagent and media was removed and 1.5mL of M3 with 

12% FCS was added and cells were incubated overnight.  Medium was replaced with 

1.5mL of M3 media supplemented with FCS, 0.2µM methotrexate and 0.5mM CuSO4, 

and cells were allowed to divide for 2 days or cells were harvested for protein extraction 

at different time points after CuSO4 induction.  In each case, approximately 5x10
6
 

transfected cells were pelleted at 4°C, washed with pre-chilled PBS 3 times, and with 

200µL of IP buffer, disrupted in a glass dounce on ice, and debris was centrifuged.  The 

supernatant was aliquoted into equal volumes and used for co-IP reactions and/or western 

blot analysis. 

Salivary Gland Suppression: 

We used two Drosophila stocks in which we can observe LacI-GFP spot 

localization:  One in which we refer to the “spots” line is homozygous for 256x LacO 

arrays at cytological location 60F, hs83-LacI-GFP on the second chromosome and Cap-

H2
EY09979

 (Bloomington #17627), Hsp70-Gal4 in which both the LacI-GFP and Gal4 are 

under heatshock control.  The second line which we refer to “donut” is identical to the 

“spot” line except it does not contain the Cap-H2
EY09979

 and thus Cap-H2 cannot be 

overexpressed.  The UAS>Mrg15-RNAi line is VDRC #24108, UAS>Set2-RNAi is 

VDRC #30707 and a second UAS>Set2-RNAi (Set2-RNAi-GFP used in Figure S5) was 

previously reported to specifically target Set2 in (STABELL et al. 2007).  The Mrg15
j6A3
 

(Bloomington #10290) is a P-element insertion.  Crosses were done on 

yeast/molasses/cornmeal media and kept at 25°C.  Five to six days after the cross larvae 

were heat shocked at 32°C overnight.  Third instar larvae were dissected in PBS with 

0.1% Triton-X (PBT) and glands were fixed 10 minutes in PBS, 4% formaldehyde.  
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Glands were rinsed 3 times with PBT and stained 10 minutes with DAPI (10mg/µL) 

0.1uL in 1mL of PBS with 0.005% Triton-X followed by 2 10-minute washes in PBT.  

Initial quantification of percent polytene was done visually by DAPI staining using a 

Nikon Eclipse E800 40X objective (data in Figure S5).  Further imaging was done using 

a Zeiss LSM 510 Meta Confocal at 63x with 1µm slices and measurements of the number 

of GFP spots and distance were done using the LSM image browser software.  At least 

two technical replicates were done and at least three different glands (biological 

replicates) were imaged for the GFP quantification.  In cases where the number of GFP 

spots and distance between spots was measured, the same nuclei were used for both 

calculations.  All Student T-tests were done using two-tailed and two samples with equal 

variance as the parameters in Microsoft-Excel.   

Nurse cell FISH and spot quantitation 

 Strains used:  SMC4 mutation is a strong P-element hypomorph glu
k08819

/CyO 

(Bloomington #10831, and in the text we refer to this allele as Smc4
k08819

); Cap-H2 

mutation Cap-H2
Z3-0019

 described in Hartl, et al. 2008; Mrg15 Df(3R)BSC741 

(Bloomington #26839) which has breakpoints at 88E8 and 88F1; Set2
489
 was a kind gift 

from M.I. Kuroda (LARSCHAN et al. 2007). FISH probe preparation: BAC clones 

(CHORI BACPAC Resources) were used for the detection of the 34D region (RP98-

16P12, RP98-48E2, and RP98-30I21), the Ubx region (RP98-24L18, and RP98-28H1) 

and the CapH2 region (RP98-29B06). 15µg of BAC DNA was digested with AluI, Rsa, 

MseI, MspI, Hae III and BfuCl overnight at 37°C, ethanol precipitated and resuspended 

into 35µL ddH2O.  DNA was then denatured at 100°C for 1 min then 3’ end labeled with 

unmodified aminoallyl dUTP and Terminal Deoxynucleotidyl Transferase (Roche). 
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Reaction proceeded for two hours at 37°C, EDTA added to final concentration of (5 mM) 

to stop reaction, followed by an ethanol precipitation and resuspension in 10 µL ddH2O. 

DNA was then labeled with ARES Alexa Fluor DNA labeling kits (Invitrogen A-21665, 

A21667, and A-21676) with dye reaction proceeding for 2 hours.  The Alexa flour kit 

protocol was followed for probe clean-up and quantification. 

Tissue preparation and FISH: As described in (SULLIVAN 2000) pages 48-49, 

Ovaries were dissected in 1X PBS and fixed in 100 mM sodium cacodylate, 100 mM 

sucrose, 40 mM sodium acetate, 10 mM EGTA, and 3.7% formaldehyde for 4 minutes 

(fixation solution was pre-heated to 32°C).  Ovaries were rinsed in 2X SSCT (0.3M 

NaCl, 0.03M Sodium Citrate, 0.1% Tween-20) and treated with 2µg/mL RNase for one 

hour. Germaria were teased apart in 2X SSCT. Ten-minute washes were done with 20 % 

formamide, 40 % formamide, and 50 % formamide in 2X SSCT. Ovaries were then 

incubated at 37°C for 2 hours in fresh 2XSSCT-50 % formamide. 2 µL of each probe 

(34D, Ubx, and CapH2) labeled with different Alexa flours were combined with 36µL of 

hybridization solution (1.0g dextran sulfate, 1.5 mL 20X SSC, 5 ml formamide, ddH2O 

up to 9 mL) and 4µL distilled water and added to the tissue. The chromosomal DNA was 

then denatured for two minutes at 91°C and hybridized overnight at 37°C. The following 

day, three 20 minute washes at 37°C with 2X SSCT-50% formamide (pre-warmed to 

37°C) were preformed, followed by 10-minute washes with 2X SSCT-40% formamide, 

2X SSCT-20% formamide, and 2X SSCT (three times) at room temperature. Ovaries 

were rinsed in PBS with 0.1% Tween-20 and stained with 0.1uL of 0.001 µg/mL DAPI in 

1mL PBS with 0.005% Tween-20 for ten minutes, followed by two ten-minute washes 

with PBS with 0.005% Tween-20. Ovaries were then mounted with vectashield.  
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Microscopy and spot analysis: Stage 6/7 egg chambers were imaged on a Zeiss 

LSM 510 Meta Confocal with an objective of 40X with z-slices of 1µm.  Spots were 

manually counted for each probe. 

 

Transvection:  These assays were done as previously described in (HARTL et al. 2008a).  

Briefly, crosses were done at 25°C and brooded twice.  The Ubx
Cbx-1 

Ubx
1
/TM6B Tu, Hu, 

e was crossed to OrR, Mrg15
j6A3
/TM6B Tu, Hu, e or Set2

489
/FM7 B was crossed to 

Ubx
Cbx-1 

Ubx
1
/TM6B Tu, Hu, e.  The rearrangement of Ubx

Cbx-1
 Ubx

1
 (BTD in Figure S4) 

was a kind gift from T. Wu: #800.7 BTD24/MRS, Sb T(2;3) 50C1/C4; 81F.  Wings were 

chosen from females with no balancers with genotypes:  Ubx
Cbx-1 

Ubx
1
/+, Ubx

Cbx-1 

Ubx
1
/Mrg15

j6A3
 or Set2

489
/+; Ubx

Cbx-1 
Ubx

1
/+.  Class 1 had loss of posterior tissue; Class 

2 had a large loss of posterior tissue and blistering of the wing.   

 

Mosaic analysis 

 Strains:  The mosaic line was from Bloomington with the genotype 

P{hsFLP}22,y
1
w*; P{UAS-GFP.S65T}T2;P{Act5C>FRT-cd2-FRT-GAL4}3/TM6B,Tb

1
 

And was previously described (PIGNONI and ZIPURSKY 1997). This line was crossed to 

UAS>RNAi lines in order to generate somatic mosaics.  All parental stocks and crosses 

were grown at 18°C.  Adults laid eggs for 3 days and then flipped out of the vial, then the 

larvae in the vial were heat shocked in a 37°C water bath for 1 hour and placed back at 

18°C for six days.  Third instar larvae (about 9 days after original cross) were dissected in 

PBS with 0.1% Triton-X (PBT) and salivary glands were fixed for four minutes in 4% 

formaldehyde in PBS.  Glands were rinsed 3 times and washed 3 times for 5 minutes all 
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in PBT.  Glands were blocked in 5% normal goat serum (NGS) in PBT for 1 hour.  

Staining was done at 1:200 for anti-SMC4 and anti-Cap-D3 (kind gift from M Heck); 

1:20 anti-Cap-H2 (HARTL et al. 2008a); in 5% NGS in PBT overnight at 4°C.  On the 

second day, glands were rinsed 3 times and then washed 3 times for 5 minutes all in PBT.  

Next, 2 washes were done for 15 minutes in 5% NGS in PBT.  Secondary Cy3 donkey 

anti-Rabbit (Jackson ImmunoResearch, #711-165-152) at 1:400 for 2 hours.  Glands were 

rinsed 3 times in PBT and DAPI stained as in the salivary gland suppression, were 

mounted in vectashield and imaged on a Ziess LSM 510 Meta confocal at 63x at 1µm 

slices.  Images were quantified using ImageJ (NIH) using the oval selection tool to select 

only areas with DAPI staining and then switching channels to quantify the mean intensity 

of staining.  P-values were obtained in Microsoft-Excel as in salivary gland suppression. 
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Figure Legends 

Figure 1:  Physical interaction of Mrg15 with Cap-H2 through the MRG domain of 

Mrg15.  (A)Top: linear protein map showing Mrg15 not to scale.  The gray box shows 

the chromo-barrel domain and the yellow box shows the MRG domain.  Below: linear 

maps of the constructs that either interact (+) or do not interact (-) with Cap-H2 in the 

yeast two-hybrid assay.  Numbers represent amino acid positions relative to the full 

length 424 amino acid predicted protein (GenBank accession AAF55161). (B) Reciprocal 

co-IP using [
35
S]-methionine in vitro translated proteins.   Anti-Myc IP (lane 1), anti-HA 

IP (lane 2), 10% of total input (lane 3), non-specific rabbit IgG (lane 4).  (C) Co-

immunoprecipitations were conducted with V5-tagged Mrg15 and V5-tagged Cap-H2 co-

expressed in transiently transfected Drosophila S2 cells.  Immunoprecipitated proteins 

were analyzed by Western blot with anti-V5 with the region ~50kDa shown.  Lane 1: IP 

without antibody (beads only). Lane 2:  IP with pre-immune serum from anti-Cap-H2 

rabbit. Lane 3: IP with anti-Mrg15. Lane 4: IP with anti-Cap-H2. See supplemental 

information for supporting data. 

 

Figure 2:  Mrg15-RNAi suppresses Cap-H2 overexpression in salivary glands. 

  (A-C) Single nuclei of control Hs>Gal4 “donut” x UAS>Mrg15-RNAi.  (D-F) 

Hs>Gal4 “spot” UAS>Cap-H2 overexpression x OrR.  (G-I) Hs>Gal4, UAS>Cap-H2 

overexpression x UAS>Mrg15-RNAi. (J-L) Hs>Gal4, UAS>Cap-H2 overexpression x 

Mrg15
j6A3
.   The first column (A, D, G and J) is the DAPI channel showing the DNA 

staining.  The middle column (B, E, H and K) is the GFP channel showing the LacI-GFP 

signal.  The left column (C, F, I and L) is a merge of the two channels with DAPI in 
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white and GFP in green.  The white scale bar in (L) indicates 5µm. (M) The GFP signals 

were counted and the average number and standard error are plotted.  One asterisk 

indicates a p-value of 1.9x10
-4
 and two asterisks indicates a p-value of 3.9x10

-9
 using a 

two-tailed, equal variance student T-test. (N) The maximum distance between two GFP 

signals were calculated and the average distance with standard error were plotted.  Using 

the student T-test, one asterisk indicates p= 0.02 and two asterisks is p= 1.1x10
-6
.  For 

each genotype n=10 nuclei. 

 

Figure 3: Mrg15 mutants enhance condensin II partial loss of function in ovarian nurse 

cells. 

Single ovarian nurse cell nuclei from genotypes Mrg15
j6A3

/+ (A-C), SMC4
k08819

/+;
 
Cap-

H2
Z3-0019

/+ (D-F), SMC4
k08819

/+; Cap-H2
Z3-0019

/Mrg15
j6A3
 (G-I) and SMC4

k08819
/+; Cap-

H2
Z3-0019

/Mrg15 Df (J-L).  The first column (A, D, G and J) shows the DAPI channel 

staining for DNA.  The second column (B, E, H and K) is the Ubx FISH probe.  The last 

column (C, F, I and L) is a merge of the DAPI in white and the FISH probe in green.  

Scale bars in C, F, I and L indicate 5µm. (M) The bars in the graph represent the average 

number of spots per nucleus for each of three FISH probes:  Quantification of FISH spots 

for Ubx is on the left shown in white, 34D is in the middle shown in grey and Cap-H2 

FISH is on the right shown in purple.  Single asterisk indicates significant difference 

compared to double heterozygote (SMC4
k08819

/+;
 
Cap-H2

Z3-0019
/+) with p=1.58x10

-12
 

(Ubx), p=3.72x10
-8
 (34D), and p=3.92x10

-13
 (Cap-H2).  Two asterisks indicate significant 

difference to the double heterozygote (SMC4
k08819

/+;
 
Cap-H2

Z3-0019
/+ ) with  p=2.63x10

-

15
 (Ubx), p=6.69x10

-18
 (34D), p=1.82x10

-13
 (Cap-H2).  The genotypes are listed on the X-
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axis.  For each of the three probes the number (n) of nuclei scored were as follows:  n≥69 

nurse cells for Mrg15
j6A3
/+, n≥59 SMC4

k08819
/+; Cap-H2

Z3-0019
, n≥19 for SMC4

k08819
/+; 

Mrg15
j6A3

/Cap-H2
Z3-0019

.   

 

Figure 4:  Mrg15 antagonizes transvection. (B)Wing of class A typical of Ubx
Cbx-1

 

Ubx
1
/++. (C) Wing of class B typical of Ubx

Cbx-1
 Ubx

1
/Mrg15

j6A3
. (D) Table of the 

phenotypic classes for Ubx
Cbx-1

 Ubx
1
/++ and Ubx

Cbx-1
 Ubx

1
/Mrg15

j6A3
.  n>50 for both 

genotypes.  p<10
-3
 for either class using chi-squared. 

 

Figure 5: Set2-RNAi suppresses Cap-H2 overexpression in the salivary gland. 

(A-C)  Single nuclei of salivary glands from control Hs>Gal4 x UAS>Set2-RNAi. 

Hs>Gal4, UAS>Cap-H2 overexpression x OrR (D-F).  (G-I)  Hs>Gal4, UAS>Cap-H2 

overexpression x UAS>Set2-RNAi.  The left column (A, D and G) represents the DAPI 

channel.  The middle column (B, E and H) represents the GFP channel.  The right column 

(C, F and I) shows the DAPI is white and GFP in green.  The scale bar in I indicates 5µm. 

(J) Quantification of number of LacI-GFP spots is plotted with standard error bars.  The 

asterisk indicates p=3.9x10
-7
, n=10 nuclei. (K) Quantification of maximum distance of 

LacI-GFP spots plotted with standard error bars.  The asterisk indicates p=2.6x10
-4
, n=10. 

 

Figure 6:  Set2 mutations enhances condensin II partial loss of function in the ovary. 

(A-C)  Single ovarian nurse cell nuclei from Set2
489

/+.  (D-F)  SMC4
k08819

/+;Cap-H2
Z3-

0019
/+.  (G-I)  Set2

489
/+; SMC4

k08819
/+;Cap-H2

Z3-0019
/+.  The left column (A, D and G) 

shows the DAPI channel.  The middle column (B, E and H) shows the Ubx FISH probe.  
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The right column (C, F and I) shows the merge of DAPI (white) and Ubx FISH probe 

(green). Scale bars indicate 5µm. (J) Quantification of the three FISH probes (left to 

right: Ubx, 34D and Cap-H2).  Asterisk indicates significant difference for all three 

probes: Ubx p=2.79x10
-8
, 34D p=9.31x10

-12
 and Cap-H2 p-value=2.63x10

-10
.  n>57 

nurse cells for each genotype. 

 

Figure 7:  Mosaics of Mrg15-RNAi show decreased condensin II nuclear 

localization. Flow chart of the generation of mosaics.  A 1 hour heat shock was 

administered at 37°C.  Heat shock driven Flipase is only expressed at a high enough level 

only in some nuclei (left) to induce FLP-out constitutive GFP and RNAi expression. (B) 

Quantification of immunofluorescence for GFP, anti-SMC4, anti-Cap-D3 and anti-Cap-

H2.  Nuclei with high GFP were categorized as UAS>Mrg15 RNAi (left) and nuclei with 

low GFP were categorized at non-RNAi expressing (right).  One asterisk indicates 

p=0.01; two asterisks indicates p=0.004. There are n=12 nuclei with 37-56 z-slices for 

Cap-D3 and Cap-H2 localization.  There are n=3 nuclei and 16 z-slices for SMC4 and the 

GFP shown.  (C) Quantification of immunofluorescence of GFP, anti-H3K36me3, and 

anti-Cap-D3 in UAS>Set2 RNAi and non-RNAi nuclei.  One asterisk indicates p< 10
-6
.  

There are n=10 nuclei with 20-41 z-slices.  (D) DAPI stain of a mosaic gland of 

UAS>Set2-RNAi.  (E) GFP of mosaic gland of UAS>Set2-RNAi; same gland as in (D).  

(F) Anti-H3K36me3 of mosaic gland of UAS>Set2-RNAi; same gland as in (D).  (G) 

Merged image of the mosaic gland shown in (D-F), DAPI in blue, GFP in green and anti-

H3K36me3 in red.  Scale bar is 20 µm. (H-K) Model of Mrg15 and Cap-H2 interaction 

(see text for details). RNA pol II brings Set2 methyltransferase to chromatin and 
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transcription elongation (red arrow) allows Set2 to methylate H3K36 along the body of 

transcribed genes. In the first model (H-I), this methyl mark allows Mrg15 binding to 

histones via its chromodomain and recruits Cap-H2 through its MRG-domain.  In the 

second model (K-J), Cap-H2 associates with chromatin independent of Mrg15 or Set2, 

however Mrg15 and Set2 are required to activate condensins. For simplicity, other 

condensin subunits are not shown in these models. Although our previous work suggests 

that Smc4 and Cap-D3 are both required for Cap-H2 mediated in vivo functions it is 

unclear whether Smc2/Smc4 condensin subunits are similarly regulated by these or other 

chromatin factors. 
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SUPPORTING INFORMATION 

TABLE 1 

 

List of yeast-two hybrid interactors 

 

 

clone # 

size of 

insert gene descriptor 

CG-

identifier 

1CH2-64-1 1000 unknown (eIF-3-p25 domain, Eukaryotic translation initiation factor 3 subunit 12) CG10306 

1CH2-39 500 unknown (Bacterium Dechloromonas methyltransferase-like protein) CG10584 

1CH2-65 400 unknown (MA3 domain, possible translation regulator) CG10990 

1CH2-83-3 200 RpS12 CG11271 

1CH2-76-3 250 RpS12 CG11271 

1CH2-4 1100 Mitochondrial ribosomal protein S22 CG12261 

1CH2-21 200 Pleckstrin-like protein (PH domain-containing) CG12393 

1CH2-32 300 Ribosomal protein L8 CG1263 

1CH2-54-1 900 unknown (Asp domain, like Aspartic protease) CG13095 

1CH2-7-1 1000 yellow-g2, yellow protein (contain MRJP domain) CG13804 

1CH2-68 900 Unknown CG15349 

1CH2-83-1 900 unknown ( vertebrate coiled-coil-helix-coiled coil-helix domain containing 3(CHCHD3)) CG1715 

1CH2-51-4 180 RpL5 CG17489 

1CH2-14 360 Glutathione S transferase E6 CG17530 

1CH2-1 360 Ribosomal protein L31 CG1821  

1CH2-28 400 Ribosomal protein S7 CG1883 

1CH2-63-1 300 RpS7 CG1883 

1CH2-61 800 Translation elongation factor 2b (Ef2b) CG2238 

1CH2-77 550 Translation elongation factor 2b CG2238 

1CH2-2 1000 Yolk protein 1 CG2985 

1CH2-73 1350 Yolk protein 1 (Yp1) CG2985 

1CH2-78 120 Yolk protein 1 (Yp1) (same as 1CH2-73) CG2985 

1CH2-45-1 950 Yolk protein 1 CG2985 

1CH2-67-1 880 Yolk protein 1 CG2985 

1CH2-58 1300 Yolk protein 1 CG2985 

1CH2-72-1 900 Yolk protein 1 CG2985 

1CH2-45-2 300 RpL41 CG30425 

1CH2-72-3 200 RpL41 CG30425 

1CH2-64-2 800 14-3-3 epsilon (PAR5, EK3-5, 14-3-3) CG31196 

1CH2-7-2 230 RpL12 CG3195 

1CH2-17 360 Pyroglutamyl-peptidase I  CG32147 

1CH2-80 250 singed, structural constituent of cytoskeleton CG32858 

1CH2-79-1 780 26S proteasome regulatory complex subunit p42D (Rpt4) CG3455 

1CH2-53 900 unknown (Xylutokinase activity, FGGY-N and FGGY -C domains) CG3534 

1CH2-60 900 bellwether (blw), mitochondrial  ATP synthase subunit alpha precursor CG3612 

1CH2-74 700 Mitochondrial ATP synthase  alpha subunit CG3612 

1CH2-34 600 Ribosomal protein L23 CG3661 
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1CH2-19 450 Eukaryotic initiation factor 4E (eIF-4E) CG4035 

1CH2-54-2 500 RpS16 CG4046 

1CH2-26 1000 Unknown CG40460 

1CH2-51-1 1150 Unknown CG40460 

1CH2-18 350 Ribosomal protein L35 RpL35 CG4111 

1CH2-69 300 Eukaryotic initiation factor 2 (eIF-2 beta) CG4153 

1CH2-59 410 Heat shock protein hsp26 CG4183 

1CH2-44 200 SUMO/Ubiquitin-like protein SMT3 CG4494 

1CH2-8-2 280 RpLP2 CG4918 

1CH2-67-2 600 RpS2 CG5920 

1CH2-37 650 Vacuolar proton-motive ATPase subunit G VHA13 CG6213 

1CH2-41 800 MRG15 CG6363 

1CH2-56 1400 MRG15 CG6363 

1CH2-8-1 100 MRG15 CG6363 

1CH2-52-2 390 Chorion protein 15 CG6519 

1CH2-27 130 Chorion protein 19 CG6524 

1CH2-66 530 Chorion protein 19 CG6524 

1CH2-51-2 310 RpS25 CG6684 

1CH2-51-3 280 RpS25 CG6684 

1CH2-42 340 Unknown CG6770 

1CH2-72-2 500 Unknown CG6770  

1CH2-40-2 270 RpS3 CG6779 

1CH2-5 600 Rack1, Receptor of activated protein kinase C1 CG7111 

1CH2-15 400 Rack1 CG7111 

1CH2-24 600 Rack1 CG7111 

1CH2-49 600 Rack1 CG7111 

1CH2-71 550 Rack1 CG7111 

1CH2-40-1 450 Rack1 CG7111 

1CH2-79-2 420 Rack1 CG7111 

1CH2-36 300 Ribosomal protein LP0(RpLP0) CG7490 

1CH2-50 400 Ribosomal protein L11 (RpL11) CG7726 

1CH2-43 180 janus A (molecular function  unknown, sex differentiation) CG7933 

1CH2-13 510 Unknown CG8001 

1CH2-23 350 Cystatin-like protein CG8050 

1CH2-84 160 Ribosomal protein L37A (RpL37A) CG8527 

1CH2-76-2 400 Jon25Biii (elastase activity, trypsin activity) CG8871 

1CH2-12 900 Glyceraldehyde 3 phosphate dehydrogenase 2 CG8893 

1CH2-83-2 510 Vitelline membrane 26Aa (Vm26Aa) CG9048 

1CH2-11 360 Unknown CG9050 

1CH2-25 250 Vitelline membrane 34Ca (Vm34Ca)  CG9271 

1CH2-30 900 Glutathione S-transferase-like protein CG9362 

1CH2-52-1 500 Glycoside hydrolase CG9466 

1CH2-76-1 500 Int6 (Translation initiation factor  activity) CG9677      

1CH2-57 200 Unknown CG9350 

1CH2-29 60 empty vector   

1CH2-31 70 empty vector   

1CH2-81 40 empty vector   
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1CH2-63-2 20 empty vector   

 

The list of clones recovered from the yeast two-hybrid screen.  The insert size in base 

pairs was estimated from PCR products (see main text for methods). The gene descriptor 

and CG numbers are as given from www.flybase.org based on blast search results from 

sequenced clones. 
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 TABLE 2 

 

Figure S3 supporting information 

 

 

Abbr. Genotype 
T-test to 
Genotype 

Ubx 
FISH 

34D 
FISH 

Cap-H2 
FISH 

n of 
Ubx 

n of 
34D 

n of Cap-
H2 

 SMC4/+;Cap-H2/reptin^P{PZ}06945 SMC4/+;Cap-H2/+ 2.07E-15 1.88E-20 3.10E-07 125 37 115 

 SMC4/+;Cap-H2/reptin^Pbac{WH}f01801  9.99E-08 2.66E-14 2.63E-08 77 59 63 

 SMC4/+;Cap-H2/Mrg15^j6A3  1.58E-12 3.72E-08 3.92E-13 124 19 83 

 SMC4/+;Cap-H2/Mrg15 w-(excision#4)  5.77E-03 1.09E-06 1.86E-03 90 82 43 

Tip60G 
Tip60^P{Mae-UAS.6.11}GG01739/+; 
SMC4/+;Cap-H2/+  2.13E-12 5.21E-03 1.80E-06 75 49 79 

Tip60E Tip60^Pbac{RB}e02395/+;SMC4/+;Cap-H2/+  4.01E-01 1.63E-01 8.37E-01 89 55 92 

 Tip60G/Tip60E; SMC4/+; Cap-H2/+  7.01E-28 2.43E-09 nd 89 81 nd 

 SMC4/+;Cap-H2/+ OrR-S 9.36E-53 3.93E-26 1.34E-32 59 61 74 

 reptin^P{PZ}06945/+  1.64E-04 2.13E-05 1.28E-02 86 72 63 

 reptin^Pbac{WH}f01801/+  4.76E-01 1.64E-01 7.49E-02 63 48 68 

Mrg15Df Df(3R)BSC741/+  2.06E-08 5.51E-01 5.88E-08 63 59 58 

 Tip60G/Tip60E   3.49E-07 2.11E-10 1.46E-08 79 57 86 

wt OrR-S     101 86 82 

 

Abbr denotes abbreviation of genotype used in supplemental figure S3.  List of 

genotypes, number (n) of nurse cells for each of the three FISH probes, and p-values for 

supplemental Figure S3.  The Smc4 allele is SMC4
k08819

 and the Cap-H2 allele is Cap-

H2
Z3-0019

. The p-value is a two-tailed student t-test in excel and relative to the OrR-S. 

“nd” denotes not done. 
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 TABLE S3 

Figure S5 supporting information 

 

Gene Stock # # glands (nuclei) p-value to OrR 

OrR-S BL4269 29 (1876) NA 

Cap-H2 v24905 15 (1068) 1.14x 10-28 

Cap-D3 v9402 11 (584) 1.91x 10-23 

SMC4 v10937 14 (882) 8.02x 10-14 

Cap-G v40047 26 (1634) 4.20x 10-11 

Cap-H  v26760 23 (1303) 1.55x 10-7 

Cap-D2 v33424 22 (1209) 1.01x 10-4 

SMC1 v6532 23 (1460) 1.12x 10-2 

SMC3 v39205 30 (1654) 3.42x 10-7 

SMC5 v38969 37 (1952) 1.67x 10-6 

Polo v20177 27 (1429) 8.16x 10-11 

Trithorax v37715 6 (369) 4.58x 10-5 

E(z) v27646 5 (249) 0.27 

Set2 v30707 33 (1467) 1.54x 10-12 

Set2-GFP BL24108 11 (532) 1.21x 10-9 

Tip60 v22233 11 (554) 0.931 

 

List of genes, stock numbers, number of glands (nuclei), and p-values for supplemental 

Figure S5.  For stock number, BL=Bloomington, v=Vienna Drosophila RNAi Center.  

The p-value is a two-tailed student t-test in excel and relative to the OrR-S. 
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FIGURE S1.  Time course of Mrg15-V5 and Cap-H2-V5 induction in S2 cells.  Across the top are the time points 

(in hours) after induction of expression by addition of copper sulfate to the media; the protein content of the cell debris 

pellet (p) is also shown. The left shows the approximate mass of the ladder (in kilodaltons).  The first blot in the left is 

probed with anti-Mrg15 (kind gift from JL Workman).  The middle blot was probed with anti-V5 (Invitrogen R960-25) 

and exposed for 10 seconds and then exposed for 5 minutes (right blot).  The right blot shows the anti-V5 band at 

approximately 110 kilodaltons, representing the Cap-H2-V5. 
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FIGURE S2.  Mrg15 and Cap-H2 co-immunoprecipitations from ovaries.  The immunoprecipitations were 

performed with (left to right): no antibody, anti-Mrg15, no antibody, anti-Cap-D3, anti-Cap-H2.  Both blots were 

probed with anti-Cap-H2 (~110 kilodaltons shown in boxed region).  The bottom signal is the IgG bands from the 

antibodies.  On right, ladder reference of weights in kilodaltons.  
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FIGURE S3.  Condensin II interactors in the ovarian nurse cells.  The graph shows the number of FISH spots per 

nucleus for each of the genotypes listed on the x-axis.  The white bar represents the Ubx region FISH probe, light blue 

is the 34D region FISH probe, and grey is the Cap-H2 region FISH probe.  The list of complete genotypes is found in 

supplemental Table S2 along with the number of nurse cells for each probe and p-values.  
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FIGURE S4.  Transvection in Mrg15 and Set2.  Wings from the genotypes shown on x-axis were scored as either 

typical UbxCbx-1Ubx1 (class A, white bar) or enhanced (class B, black bar). For simplicity UbxCbx-1Ubx1 is denoted 

above as “CbxUbx”. See images or representative wing morphology in Figure 4 of the main text.  The data presented in 

this Figure S4 for Mrg15j6A3 was derived independently of the data in Figure 4 of the main text.  The last genotype 

includes the bithorax transvection disruptor (BTD), which is a rearrangement of the UbxCbx-1Ubx1 chromosome.  N>61 

for all genotypes.  P-values using chi-squared relative to UbxCbx-1Ubx1/++ enhanced class:  Mrg15j6A3 p<0.001, Set2489 

p=0.74, Mrg15j6A3/BTD p<0.005. 
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FIGURE S5.  RNAi suppression in salivary glands overexpressing Cap-H2.  The graph represents the median value 

for the various Vienna RNAi lines crossed into the “spots” genotype (LacO 60F, hs83>LacI-GFP; Hsp70>Gal4, Cap-

H2EY09979), except for the first one, OrR, which is not a RNAi line.  The percent polytene was determined by DAPI 

staining for identification of polytene bands present under 40x magnification.  Error bars are shown.  See supplemental 

Table S3 for complete genotype description, number of nuclei and p-values.  
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FIGURE S6.  In vitro peptide pull downs using radio-labeled Mrg15.  Mrg15 was added to a biotin-conjugated 

peptide fragment H3 (amino acids 21-44; Millipore 12-404), H3K36me2 (amino acids 29-49; made by Alta 

Bioscience), or H3K9me2 (amino acids 1-21; Millipore 12-430) and pulled down with streptavidin-agarose beads 

(Sigma S1638).  (A) The resulting pellet was run on a SDS-PAGE gel and exposed to a phosphoimager screen.  The 

lanes are left to right: no peptide, H3 peptide, H3K36me2 peptide, and H3K9me2 peptide.  The white space between 

the last two peptides represents a skipped lane in the same gel.  Below are the representative supernatants from the 

peptides pull-down reactions, also from the same gel showing the relative amounts of input translated Mrg15.  (B) 

Quantification of five biological replicates (plus one technical replicate).  The means were divided by the mean of 

unmodified-H3 peptide and plotted as a ratio to H3.  The p-value for H3K36me2 is p=0.365 and for H3K9me2 is 

p=0.415.  We conclude that neither H3K36me2  or H3K9me2 peptides could enrich Mrg15 binding, relative to the 

unmodified H3 peptide. (C) Peptide pull-downs using the protein indicated along top two rows (CH2 stands for Cap-

H2) and the peptide indicated along the third row (K36 stands for H3K36me2 and “–“ represents no peptide).  The 

higher band represents Cap-H2 and the lower band represents Mrg15.  The shaded triangle represents a gradient of the 

amount of Cap-H2 used in the pull-down, (left to right) 1 (equal to volume of Mrg15), 0.4, 0.2, and 0.08 dilutions.  As 

above, we found that neither Cap-H2 nor Mrg15 was specifically enriched when incubated with K9 or K36 methylated 

H3 peptides relative to the unmodified H3 peptide alone. 
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SUPPLEMENTAL METHODS 

Peptide pull-down:  In vitro transcription and translation was done with TnT T7 

reticulocyte lysate (Promega, L4610) following product instructions in the presence of 

[
35
S] methionine (Easy Tag Perkin Elmer).  The template for Mrg15 was cDNA clone 

LD22902 (BDGP) and for Cap-H2 was the bait vector in the yeast two-hybrid (see main 

text manuscript methods).  Reactions were done separately and then pooled after 

reactions for the pull-downs with both Mrg15 and Cap-H2.  200uL of IP buffer was 

added to the TnT mixture.  Protocol was based on that found in (WYSOCKA 2006).  The 

IP buffer (manuscript methods) was adjusted to 75mM NaCl and no protease inhibitors 

were added.  10-200ng were added of each biotin-conjugated peptide and rotated 1 hour 

at 4°. Biotin-conjugated histone H3 peptides were as follows: unmodified H3 (amino 

acids 21-44; Millipore 12-404), H3K36me2 (amino acids 29-49; made by Alta 

Bioscience) and H3K9me2 (amino acids 1-21; Millipore 12-430). Streptavidin-agarose 

beads were pre-washed with IP buffer 4 times and 25uL of bead slurry was added to the 

TnT mixture and rotated 1 hour at 4°.  The supernatant was saved and the beads were 

washed 5-7 times with IP buffer.  2X SDS-PAGE loading buffer was added to samples 

and boiled at 95° for 2-3 minutes.  8% SDS-PAGE was ran and fixed and dried using 

TnT protocol and solutions (Promega).  Imaging was done with a Typhoon 9410 

phosphoimager (Amersham). 

 

SUPPLEMENTAL REFERENCES: 

WYSOCKA, J., 2006 Identifying novel proteins recognizing histone modifications using 

peptide pull-down assay. Methods 40: 339-343. 

 

 


