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Abstract

Topoisomerases are enzymes that convert DNA from one 

topological state to another. A particular type of topoisomerase, 

type II, appears also to be a member of the chromosome scaffold, 

bound to the base of radial DNA loops. Using immunofluorescence 

coupled with DNase digestions, we determined an association 

between the topoisomerase II and the sex chromatin body. Based 

upon this association, we postulate that topoisomerase II may be 

involved in the compartmentalization of the sex chromatin body. 

Since no topoisomerase II has been detected in the G-] phase of the 

cell cycle, topoisomerase II must act with other, yet to be 

determined proteins in order to maintain the compartmentalization 

of the sex chromatin body throughout the cell cycle.
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Introduction and Literature Review

That one X chromosome in a female is inactivated has beena
known for nearly 30 years (14), but the mechanism for this 

inactivation and its maintenance is still unclear. Methylation of 

DNA has been widely studied as the process by which gene 

expression is controlled and may also be involved in X inactivation 

(1, 11, 14). Methylation does not explain, however, why the inactive 

X forms a dense sex chromatin body. A question also remains as to 

why certain genes located on the short arm of the inactive X are 

nevertheless active (2, 10).

Dr. Stanley Gartler of the Department of Medicine and Genetics 

at the University of Washington and Dr. Karen Dyer, formally of that 

department, proposed that topoisomerase II, a non-histone DNA 

structural protein (5), may help account for the 

compartmentalization of the inactive X chromosome (sex chromatin 

body). Topoisomerase II has been shown to be a member of the 

chromosome scaffold (5), and we hypothesized that its association 

with DNA could account for the isolation of the sex chromatin body.

Immunofluorescence studies provide an effective means of 

determining this association, since low concentrations of proteins 

can be detected using immunofluorescence. DNase digestions 

coupled with immunofluorescence were thought to be especially

*
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useful since topoisomerase II should still be present even after the 

DNA is removed. From these immunofluorescence studies we hoped 

to gain a better understanding of sex chromatin isolation.

X Inactivation

X chromosome inactivation is unique in genetics for two 

reasons: first, the active/inactive sites are maintained in both 

chromosomes, as opposed to tissue-specific genes in which both 

copies are active or inactive; and second, because the inactiviation 

involves most of the genes on the chromosome (10). X inactivation 

may be initiated from an inactivation center from where it spreads 

to the rest of the chromosome. This inactivation is not passive, but 

requires a signal to be initiated (14).

The inactive sex chromatin body is frequently located 

peripherally in fibroblast nuclei, indicating a possible attachment to 

the nuclear membrane. Dyer et al. obtained results that indicated 

there is a structural element that isolates the sex chromatin from 

the rest of the nucleus (4). The sex chromatin body also synthesizes 

very little RNA, providing more evidence of the structural isolation.

Topoisomerases

Topoisomerases are enzymes that isomerize or convert DNA

2



from one topological state to another by changing the linkage 

number (the number of times the two DNA chains twist around one 

another). In prokaryotes, topoisomerase II (also known as gyrase) 

creates negative supercoils using ATP energy by untwisting DNA in 

the left-hand direction. Each action by topoisomerase II creates two 

negative turns in the linkage number through transient double- 

stranded breaks. Its counterpart, topoisomerase I, returns 

supercoiled DNA to the relaxed state, making one positive turn each 

time it acts on the DNA. In eukaryotes, topoisomerase II cannot 

create negative supercoils without associating with other, yet to be 

determined, proteins (18).

Both topoisomerases change linkage number by breaking and 

rejoining phosphodiester bonds, a process which creates temporary 

gaps in the polynucleotide chain (8). First, the enzyme nicks the 

polynucleotide chain, and a tyrosine group on topoisomerase II 

becomes covalently attached to the terminal phosphate group on the 

5’ end of the nicked polynucleotide chain. This attachment conserves 

the free energy of the phosphodiester bond, which can be used to 

rejoin the cut ends. Both ends of the cut polynucleotide chain are 

held together by the topoisomerase II, so the DNA chains cannot 

rotate freely about each other. To create the supercoiled state, 

topoisomerase II undergoes reversible conformational changes which
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creates chambers through which the DNA strands can pass through 

(18).

Sc-1 Scaffold Protein

When histone-removing chemicals, such as heparin, high salt 

compounds, or other polyanions are added to HeLa metaphase 

chromosomes, predominantly two high molecular weight proteins 

(and several minor ones) remain, which make up what is termed the 

metaphase or chromosome scaffold (8, 18). This structure retains 

some morphological features of metaphase chromosomes, extending 

the axial length of an expanded chromosome, but not into the 

surrounding chromatin (8). The two major polypeptides in the 

scaffold have been termed Sc-1 (170,000 mol. wt.) and Sc-2 

(135,000 mol. wt.) (5).

Sc-1 is a minor chromosomal constituent, making up only 

about 1 to 2% of the total mass in metaphase chromosomes (8), but 

the entire scaffold is only 3 to 4% of the entire chromosomal mass 

(5). Thus, Sc-1 protein is a major DNA-binding protein in the 

scaffold, acting through uItrastructural interactions with the 

chromosomes (5, 13). A protein with the same mobility after 

sodium dodecyl sulfate polyacrylamide get electrophoresis (SDS 

PAGE) and a comparable peptide map to Sc-1 has also been observed
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in the interphase nuclear matrix (8), suggesting the same protein 

exists in interphase as well as metaphase. Indirect 

immunofluorescence studies have shown that Sc-1 is located

exclusively in chromosomes and interphase nuclei (8). This research 

refutes the findings of Okada et al., who in 1980 determined that the 

scaffold did not exist but was an artifact of fixation (15).

Earnshaw et al. have concluded that Sc-1 is DNA topoisomerase 

II, by inhibiting topoisomerase function using anti-scaffold antibody 

and by comparing the binding of anti-scaffold and anti- 

topoisomerase II antibodies (5). Both Sc-1 and topoisomerase II 

migrate in SDS PAGE with Mr 170,000, also suggesting the same 

compound. Both guinea pig anti-Sc-1 and rabbit anti-topoisomerase 

II antibodies bind to identical ladders of proteins in immunoblots of 

chicken chromosome scaffolds. Similar results have been obtained

for HeLa chromosomes and scaffolds. Antibodies to Sc-1 can also 

inhibit topoisomerase II although these antibodies do not effect 

topoisomerase I. These results strongly suggest that 

topoisomerase II is Sc-1 of the metaphase scaffold (5).

Topoisomerase II in Cell Function

Topoisomerase II is a component of two insoluble protein 

fractions from both the chromosome scaffold and the interphase
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nuclear matrix (12), with no evidence of a cytoplasmic pool of the 

enzyme (5). Seventy percent of the enzyme in metaphase 

chromosomes is found in the scaffold, and since some is probably 

lost in extraction, 70% is a low estimate (5). Bacterial 

topoisomerase II (gyrase) has been implicated in replication, 

transcription, repair, and recombination, and eukaryotic 

topoisomerase II plays similar roles (5), including sister chromatid 

exchange, organization of loop domains, chromosome segregation 

during mitosis, and replication (12).

Sister Chromatid Exchange. The use of non-DNA-binding 

drugs (VP-16 and VM-26) causes an increase in sister chromatid 

exchanges. Chen et at. (cited in Earnshaw and Heck [6]) suggests 

that these drugs act directly on topoisomerase II, so the enzyme may 

play a role in sister chromatid exchange. In addition, inappropriate 

exchanges between nonsister chromatids are rare, perhaps because 

of the restrictions created by DNA sequence homology and due to 

chromosome structure regulation by chromosome scaffold molecules 

such as DNA topoisomerase II.

Organization of Loop Domains. Chromatin fiber is folded 

into loops or domains (8), which are continuous, compact, folded
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structures that appear separate from the rest (18). These loops are 

thought to form due to an interaction between the DNA and the
►

chromosomal non-histone proteins of the scaffold (5). The 

organization and compaction of chromatin in metaphase 

chromosomes seems to occur when the chromatin becomes looped 

and attached to the scaffold (12). Topoisomerase II is not randomly 

interspersed along the entire length of the chromatin fiber (6), but 

it is localized primarily at the base of radial loops in restricted 

regions around the axis of the chromosome (5).

There appears to be about 20 topoisomerase II molecules per 

DNA domain (about 1 enzyme per 25 nucleosomes), located at the 

base of radial loops in mitotic and interphase chromosomes (12). A 

model for this scaffold structure consists of helical coils of DNA 

(which would allow for the radial distribution of DNA loops), 

crosstied to the scaffold (8, 13). This radial loop model of 

chromosome structure proposes that loop closure and clustering of 

domains are functions of the chromosome scaffold, with the net sum 

of this clustering resulting in chromosomal condensation (6). In 

addition, certain DNA sequences are deformed from their normal 

right-handed conformation (formed into supercoils), which may 

contribute to chromatin structure by preventing the formation of 

nucleosomes (9).
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Topoisomerase II is the only protein abundant enough in the 

scaffold to stabilize the repeatedly looping DNA (8). Cook and 

Brazell (cited in Heck and Earnshaw [12]) have shown that 

topoisomerase II may be involved in the establishment or 

maintenance of topological domains or the topological closure of 

eukaryotic domains. Thin sections through swollen chromosomes 

show a star-like arrangement, consistent with the presence of axial 

elements stabilizing the DNA loop (8). The superposition pattern 

obtained by transmission electron microscopy (TEM), however, is too 

complex to provide detailed structural information about the 

scaffold organization in compact chromosomes. Thin sectioning 

will be necessary to reveal the mode of folding (8).

Chromosome Segregation During Mitosis. Topoisomerase 

II, as a component of the chromosome scaffold, could efficiently 

regulate the segregation of the chromosomal domains (5). 

Topoisomerase II has been implicated in chromosomal segregation 

based on analysis of SV40 replication (5). In another experiment, 

DiNardo and Uemura (cited in Earnshaw et al. [5]) showed that 

topoisomerase II is required for chromosome segregation in lower 

eukaryotes (the yeasts Saccharomyces cerevisiae and 

Schizosaccharomyces pombe ). In these yeasts, topoisomerase II
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decatenated daughter chromosomes after DNA replication (8). A 

lethal mutant which lacked topoisomerase II in yeast also showed 

that the enzyme is necessary for cell growth (5).

Replication. Topoisomerase II first appears in the S phase of 

the cell cycle, and virtually all the cells in S phase tested by Heck 

and Earnshaw had detectable levels of topoisomerase II (12). The 

enzyme was not accumulated in late G-|, however, indicating that not 

until replication does topoisomerase II accumulate and become 

detectable. [3H]thymidine was used to determine the relationship 

between the appearance of topoisomerase II and the onset of DNA 

replication, since incorporation of this label could be determined. 

Replication was first detected ~28 hours after introduction of the 

label, and the percentage of cells immunopositive for topoisomerase 

II rose as the cells progressed through replication to mitosis. In 

another experiment, the onset of replication was simultaneous with 

the detection of topoisomerase II (12). The enzyme may thus begin 

to function only as replication begins, or alternately it is first 

positioned in the S phase to where it will act during mitosis.

There is mounting evidence that topoisomerase II plays a role 

in the termination of replication (12). Near the end of replication of 

SV40, catenated dimers are formed, and these structures can only be
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separated by topoisomerase il (5). Nelson et al. have described that 

teniposide (VM-26) interacts with mammalian DNA topoisomerase II 

to create a covalently attached complex of topoisomerase II and DNA 

fragments (16). This complex was reversible with the removal of 

teniposide, showing a direct association with the enzyme and DNA 

fragments. Nelson’s group postulated that topoisomerase II may 

interact with daughter DNA molecules in replication by removing 

parental helical turns (16).

Topoisomerase II Expression in the Cell Cycle

Topoisomerase II is an abundant cell protein, although its 

levels decrease dramatically in cells which are no longer undergoing 

DNA replication (12). Normal, proliferating cells have at least 1.5 x 

105 copies of topoisomerase II per cell. In non-replicating chicken 

erythroblasts, no topoisomerase II could be detected by 

immunofluorescence or immunoblotting, indicating that these cells 

have no more than 300 copies of the enzyme per cell (12). The 

mechanism by which topoisomerase II is lost in non-dividing cells 

is unknown, although it may be degraded at a point in G1 as the 

chromatin decondenses.

The enzyme may also be synthesized in a cyclical manner 

related to the cell cycle, appearing simultaneously with DNA
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replication (12). The G-, (prereplicative) phase is a functional period 

during which cells prepare for DNA, histone, and enzyme synthesis 

(17). Cells in the G-, phase of the cell cycle show significantly less 

topoisomerase II than those undergoing replication and mitosis (12). 

No cells observed in G2 or M phases of the cell cycle, however, 

showed negative immunofluorescence results, and only a small 

number of those in the S phase were negative. The fewest 

immunofluorescence cells occurred in the G-| phase (5), indicating 

that the enzyme is degraded during a portion of this phase (12).

During the S phase of DNA replication the chromosomes 

themselves, as well as the chromosome architecture such as the 

nucleosomes and the chromosome scaffold, must be duplicated. The 

last few helical turns of DNA between two converging replication 

forks is unwound by wrapping the two progeny DNA duplexes around 

each other (13). Since topoisomerase II is a component of the 

scaffold, it has easy access to the DNA substrate and can cut the 

strands of the DNA duplex and pass the duplex through this gap (13).

Topoisomerase II levels give a sensitive indication of the 

phase of the cell cycle that cells are in. It first appears at the 

beginning of the S phase, and its activity increases significantly at 

mitosis (12), where there is a 3 fold increase of topoisomerase II in 

metaphase over interphase nuclei.
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Materials and Methods

Cell Preparation

Fibroblasts frozen in liquid nitrogen at the Department of 

Medicine and Genetics, University of Washington, cell number 70- 74 

(female), were thawed in a beaker of warm water (~45°C). The 

resulting cell suspension was slowly added to a 50ml flask 

containing between four and five ml of RPMI medium (see Appendix 

for composition) at 37°C. The cells were incubated at 37°C in 5% 

COg- After the cells became confluent they were subcultured to 

separate flasks and to slides (3, 7).

Subculturing

Cells were given fresh RPMI medium every other day and were 

subcultured when they reached confluency (about every 3 to 4 days). 

To subculture to other flasks, the medium was first removed, and 

the cells were rinsed in about 4ml of Hank's balanced salt solution 

(HBSS) (3) to remove excess medium, since RPMI medium contains 

trypsin inhibitors. Approximately 2ml of trypsin were then added, 

and the cells were observed under an inverted microscope until they 

began to come free from the flask surface. The trypsin was 

removed, and about 4ml of medium was again added. The cells were 

further loosened by jolting the flask. One milliliter of this medium-
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cell suspension was transferred to new 50ml flasks, with about 

three to four ml of fresh medium, and incubated.

Cells were also subcultured to slides for later fixation and

immunofluorescence. Frosted Fisher microscope slides were 

cleaned and sterilized by boiling in cleaning solution (7x), rinsed 

with distilled water, soaked in methanol, and irradiated under 

ultraviolet light for 15 minutes on each side. Three slides apiece 

were placed in sterile petri dishes (Lab-Tek). Cells were 

subcultured to slides the same as to flasks with the following 

exceptions: After the cells were loosened from the flask, one drop 

(about 0.1ml) of the medium-cell suspension was placed on the 

center of each slide. The slides were incubated from 30 minutes to

an hour to allow the cells to adhere to the slide surface, at which 

time the dish was flooded with 10ml of medium and reincubated for

24 hours.

Fixation of Slides

After 24 hours of growth the medium was removed and the 

slides were rinsed in phosphate buffered saline (PBS) (3). After 

washing, this PBS was removed and fresh PBS was added for 10 

minutes. At this point, 0.8% sodium citrate could have been added 

for 25 minutes. Slides were prepared both with and without the

a
CORETTE LIBRARY 
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addition of sodium citrate.

A standard fixative of three to one methanol to acetic acid 

was prepared, and equal volumes (from between 5 to 7ml of each 

reagent) of fixative and PBS were added for two minutes. Fresh 

fixative was prepared and added (10ml) for five minutes, with new

fixative added at 2.5 minutes.

The slides were dried quickly using an air jet and rewetted 

with PBS for 5 minutes. TEEN+ buffer (see Appendix for composition)

was added for 5 minutes and removed, with fresh TEEN+ applied for 

10 minutes. At this point the immunofluorescence could be done or 

the cells (still immersed in TEEN+) could be saved at 4°C for future

immunofluorescence studies.

Immunofluorescence

The first attempt at the protein antibody immunofluorescence 

using in situ hybridization buffers (such as 2xSSC [3, 7]) was 

unsuccessful, so the buffering system was changed using buffers 

modified from Heck and Earnshaw (12).

After fixation, the TEEN+ was removed from the slides and 

1 OOjj.1 normal goat serum (NGS) solution (see Appendix for 

composition) was added to each slide. A coverslip (22x50mm or 

24x50mm) was added to each slide to prevent evaporation and the
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slides were incubated for 10 minutes at 37°C in a humidity box (a 

tightly sealable container with moist paper toweling to provide 

humidity). The coverslips were removed by dipping the slides in a 

beaker of about 100ml KB' buffer (see Appendix for composition),

and the slides were washed with agitation in KB' buffer three 

times for three minutes each wash, and blotted dry.

The above procedure was followed for the remaining three 

reagents except for changes in incubation time. One hundred 

microliters of anti-topoisomerase antibody solution (see Appendix 

for composition) was then added with an incubation time of 30 

minutes. Next, 10Opl of biotinylated antibody (BA) solution (see 

Appendix for composition) was applied and incubated for 35 minutes. 

Finally, 100pl of the bovine albumin/fluorescein avidin (BSA/FA) 

mixture (see Appendix for composition) was added and incubated for 

30 minutes.

After the immunofluorescence was complete, about 50ml of 

DNA-staining DAPI containing antifade (0.25mg/ml DAPI) was 

applied to each slide, after which they were coverslipped, sealed 

with nail polish to prevent evaporation, and placed in a dark-box to 

protect the fluorescein avidin.

Some difficulties arose in the initial immunofluorescence 

studies, and slight incubation changes were made to correct these
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problems. The anti-topoisomerase antibody was incubated for one 

half, one, and one and one half hours, with the longest incubation 

the most effective. The biotinylated antibody and the FA were 

incubated for 40 minutes and 35 minutes respectively.

DNase Digestion

After the immunofluorescence was successful, DNase 

treatment of the slides was performed prior to immunofluorescence, 

after the slides were fixed and air dried. About lOOpl of pancreatic 

DNase I dilution (see Appendix for composition) was added per slide 

and coverslipped (4). These were incubated at 37°C for 0 minutes 

(control), 10 minutes, 30 minutes, and 60 minutes at dilutions of 

0.01pg/ml, 0.02(ig/ml, 0.05pg/ml, 0.1p.g/ml, and t.Opg/ml. After the 

incubation period, the coverslips were removed by dipping the slides 

in PBS. The remaining fixation and the immunofluorescence 

procedures were completed unchanged.

Photography

Slides were photographed at 1000x power using a fluorescence 

microscope with a UV wide band filter for the DAPI stain and a blue 

filter to observe the fluorescein avidin. Kodak Ektachrome (ASA 64) 

slide film was used and developed at the University of Washington's

16



Health Sciences Complex photography lab. Photographs were printed 

from the slides at Third Eye Photographies & Gallery, Helena,

Montana.
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Results

£ This immunofluorescence study was the first one of its type

performed at the University of Washington's Medicine and Genetics 

Department. We therefore had several technical difficulties that 

had to be overcome during the course of this experiment.

Initially, sodium citrate was added as a hypotonic lysis agent 

in order to obtain metaphase chromosomal spreads. Although this 

technique did cause cell lysis, the sodium citrate also tended to 

destroy the sex chromatin body, since it was no longer seen under 

DAPI staining. The metaphase spreads were also unclear, with 

distinct chromosomes rarely seen. Our initial observations 

indicated, however, that topoisomerase II is aligned with 

chromosomal G-bands from Giemsa staining (3) (results not shown), 

although further research must be done to confirm these findings. 

Better chromosome spreading techniques may be necessary, but 

karyotyping from anti-topoisomerase immunofluorescence may be 

possible. Because of the difficulties with the loss of sex chromatin 

body that we experienced with this lytic agent, we concentrated our 

efforts on slides that were fixed without the addition of sodium

citrate.

The greatest difficulty encountered was of background 

interference from anti-topoisomerase antibody that was spread
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throughout the slide, both inside and outside the cells. Longer 

incubation times of the antibody were done to remedy this problem,

with the best results obtained with the 1 1/2 hour incubation of the

antibody. Little background interference was encountered with this 

incubation time, which we then used in all future 

immunofluorescence. Various concentrations of anti-topoisomerase 

II antibody were attempted (1/250, 1/500, 1/750, and 1/1000), but 

only the higher concentration of 1/250 gave useful results. With 

the lower concentrations, the topoisomerase II signal was poor or 

not present.

Immunofluorescence was also poor if cells were allowed to 

become confluent (results not shown), so the amount of cell-growth 

had to be controlled. Since most confluent cells are non-dividing 

and therefore probably in G1, the poor signal obtained with confluent 

slides supports the apparent lack of topoisomerase II in the scaffold 

during G-| phase.

Control immunofluorescence was performed following the 

normal procedure, except the anti-topoisomerase II antibody was not 

added (Fig. 1). Another control (results not shown) substituted pre- 

immune serum for anti-topoisomerase II antibody, with similar 

results. The removal of the anti-topoisomerase II antibody was done 

to test for non-specific binding of the fluorescein avidin. No signal
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was observed, indicating that the fluorescein avidin was only 

binding to the antibody, and that the background problem was caused 

by unbound anti-topoisomerase II antibody.

Figure 1: Control Cells. DAPI staining (A) and immunofluorescence (B) were 
performed on these cells. Arrows indicate the sex chromatin bodies. The 
immunofluorescence procedure was modified, with no anti-topoisomerase II antibody 
added, to test for the presence of non-specific binding of the fluorescein avidin, of which 
no signal was observed (B).

DAPI stains selectively for DNA, and a brighter DAPI stain 

indicates a cell advancing in the cell cycle (S or G2). Therefore, 

DAPI staining can indicate the approximate position in the cell 

cycle. As Heck and Earnshaw have concluded, however, the anti- 

topoisomerase signal gives a much clearer indication of the location
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in the cell cycle (12).

6 Heck and Earnshaw also observed (12) that topoisomerase II

cannot be detected in cells in the G-| phase, and we obtained similar 

results. Cells with little DAPI staining (G-|) had no 

immunofluorescence signal (Fig. 2). Cells that had progressed 

through replication into the G2 phase emitted a strong 

immunofluorescence signal. The closer the cell came to mitotic 

prophase, the more topoisomerase II signal could be seen (Fig 3). 

First, it only appeared in the sex chromatin body, then it progressed 

to the nucleolus. In late G2, as condensation of the chromosomes 

could be seen under DAPI (Fig. 3C), topoisomerase II was associated

Figure 2: Cells in Gd Phase. DAPI staining (A) and immunofluorescence (B) were 
performed on these cells. The arrow indicates the sex chromatin body under DAPI. The 
DAPI staining is weak, and no signal at all is obtained under immunofluorescence, 
indicating that these cells are most likely in G1 phase.
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Figure 3: Cells in Early and Late G2 Phases. DAPI staining (A, C) and 
immunofluorescence (B, D) were performed on these cells. Arrows indicate the sex 
chromatin bodies. Cells in early G2 (A, B) are easily distinguished from late G2 (C, D), 
having less condensation under DAPI and a weaker immunofluorescence signal. By late 
Q, DAPI staining is very bright with the chromosomes beginning to compartmentalize 
(C), and the topoisomerase II is also becoming associated with other chromosomes within 
the nucleus (D).
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with many other chromosomes, not just the sex chromatin body (Fig. 

t 3D).

In 1980, Okada et al. concluded that the scaffold was an 

artifact of fixation that did not actually exist (15). Later work with 

the anti-topoisomerase II antibody, however, seemed to refute these 

initial findings (5, 6, 12). To further investigate this question we 

performed DNase digestions of the cells in order to determine if 

topoisomerase II was indeed present after the DNA was removed. 

Because of the great compaction of the sex chromatin body, high

Figure 4: DAPI Staining of DNase Digested Cells. Arrows indicate the sex 
chromatin bodies. Pancreatic DNase concentrations and time of DNase incubation were 
varied (A-B). Because of the compartmentalization of the sex chromatin body, a high 
concentration (1.0gg/ml) and long incubation (60 minutes) of DNase is necessary to 
digest the sex chromatin body (B). At lower concentrations (0.1gg/ml) and shorter 
incubation times (10 minutes), the sex chromatin body is still visible (A), even after 
the remainder of the nucleus appears DNA free.
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concentrations of Pancreatic DNase I were necessary in order to 

* digest it (Fig. 4).

Since topoisomerase li only gave a strong signal in cells in G2, 

any signal observed after DNase digestion occurred indicated that 

these cells were most likely in G2. Lack of signal meant that the 

cells were probably in G1( not that the topoisomerase II was also 

digested. Several cells were observed where the sex chromatin body 

was nearly gone, yet a strong immunofluorescence signal remained 

(Fig. 5). This fact clearly indicates that the scaffold is not an 

artifact, but that topoisomerase II contributes to the scaffold.

Figure 5: DNase Digested Cells in Late G2 Phase. DAPI staining (A) and 
immunofluorescence (B) were performed on these cells after Pancreatic DNase I 
digestion occurred for 30 minutes at 1.0p.g/ml concentration. Arrows indicate the sex 
chromatin body. Even though the sex chromatin body is nearly gone (A), topoisomerase 
II is still present (B), indicating that the signal is not an artifact or from anti- 
topoisomerase II antibody binding to the DNA, but that a scaffold is indeed present.

*
24



Discussion and Conclusions

In accordance with other experiments (5, 6, 12), the ability to 

detect topoisomerase II in vitro is related to the cell cycle. No 

topoisomerase II was detected in G1; and there remains the question 

whether the enzyme is even present. Heck and Earnshaw have 

concluded that at least 300 copies of the enzyme per cell must be 

present in order to be detected (12), and our lack of signal in G-| 

could be due to a reduction in the enzyme number, not a complete 

loss of the enzyme.

The closer the cell gets to mitotic prophase, the greater is 

the ability to detect topoisomerase II. Detection first appears in 

the sex chromatin body with a light background, then proceeds to 

the nucleoli. By late G2, nearly all the condensed chromatin is 

associated with topoisomerase II.

Further investigations still need to be performed to determine 

if the signal intensity over the sex chromatin body is actually 

greater than the rest of the cell. A ratio of the amount of DNA 

versus topoisomerase on the sex chromatin body and the rest of the 

cell must be determined. This ratio would ascertain if the amount 

of topoisomerase II in a given quantity of DNA is the same for the 

whole nucleus or if topoisomerase II has a greater association with 

the sex chromatin body. Our initial conclusion is that the intensity
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over the sex chromatin body is greater, although actual readings of 

this intensity have not yet been performed.
*

Our results after DNase digestion indicate that topoisomerase 

II is a member of the chromosome scaffold, and that the scaffold is 

not an artifact, contrary to the findings of Okada et al. (15). One 

factor that makes this determination difficult by methods other 

than immunofluorescence, however, is that the topoisomerase II of 

the scaffold appears to be enzymatically inactive (6). It appears 

that this structural protein has lost its catalytic function, but has 

remained a close structural homologue of the active enzyme.

Any protein bound to the DNA would be expected to protect the 

DNA from nuclease (DNase I) digestion (9). Because of the high 

concentrations of Pancreatic DNase I that were necessary to digest 

the sex chromatin body (even after the remaining DNA in the nucleus 

was gone), it appears that a protein must be bound to the DNA of the 

sex chromatin body. The topoisomerase II signal that we obtained 

after DNase digest suggests that this enzyme is associated with the 

inactive X's DNA. Research by Earnshaw and Heck (6) indicates that 

topoisomerase II is bound at the base of each radial loop, and is 

responsible for the topological closure of these loops. This binding 

pattern could explain the difficulties that we experienced in 

attempting to digest the DNA of the sex chromatin body.

26



Topoisomerase II appears to be identical to Sc-1 scaffold 

protein (5), suggesting it is a component of the chromosome 

scaffold, most likely bound to the base of each radial loop. Although 

it is undetectable in Gv it first appears in the sex chromatin body, 

and spreads to other chromosomes in the nucleus as the cell 

approaches mitosis. This evidence supports the hypothesis that 

topoisomerase II is associated with the sex chromatin body and may 

be one of the factors accounting for the isolation and 

compartmentalization of the sex chromatin body, but it is not 

exclusively performing this function.
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Appendix

Reagents

General Considerations

Sterile techniques were followed in handling all of the 

reagents, and all subculturing and fixation of slides were done in a 

sterile hood (sterilized with UV lights for 15 minutes prior to use). 

A Pipet-Aid was used in transferring medium and reagents for cell 

culture, and a micropipet was used in mixing and dispensing the 

reagents for the immunofluorescence and DNase digestion.

Medium

1. 200ml RPMI medium stock solution was pre-prepared in 

250ml bottles. To this medium 30.0ml of fetal calf serum was 

added (15%), along with 0.2ml (0.1 ml/100ml medium) of Gentamicin 

Reagent Solution as an antibiotic.

Buffers

1. TEEN+ buffer was prepared in 1 liter of distilled water by 

adding 0.1 85g (1mM) of triethanolamine. This solution was titrated 

with 10N NaOH to a pH of 8.5 before the following reagents were 

added: 1.46g (25mM) NaCI, 0.074g (0.2mM) NaEDTA

(ethylenediaminetetraacetic acid disodium salt), 1,0g (0.1%) Bovine
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Albumin (BSA), and 5.0ml (0.5%) Triton X-100 (octyl phenoxy

polyethoxyethanol).
A

2. KB‘ buffer was prepared in 1 liter of distilled water by 

adding 1.211g (10mM) of Tris (Trizma) base. This solution was 

titrated with concentrated HCI to a pH of 7.7 before the following 

reagents were added: 8.766g (0.15M) NaCI, and 1.0g (0.1%) BSA.

Immunofluorescence

1. 10% normal goat serum (NGS) was prepared by adding 540pJ 

ofTEEN+ buffer to 60jjJ NGS.

2. Anti-topoisomerase antibody was prepared to a 

concentration of 1/250 by adding 1000|il of TEEN+ buffer to 4pJ of 

anti-topoisomerase antibody (graciously donated by Leroy F. Liu of 

the Department of Biological Chemistry at Johns Hopkins).

3. Antirabbit biotinylated antibody (BA) was prepared to a 

concentration of 1/250 by adding 750p.l of TEEN+ buffer to 3p.l of BA.

4. BSA & Fluorescein Avidin (FA) solution was prepared by 

adding 10OOpJ of 2xSSC 0.1% BSA and 3p.l Fluorescein-labeled 

Avidin DN (1 .Omg/rnl).
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Pancreatic DNase I

1. Pancreatic DNase I was prepared by mixing 0.5ml (5mM) 

MgCI2, 1.0ml (10mM) Tris-HCI at a pH of 7.5, 0.33ml (10mM) NaCI, 

and 1ml (various dilutions) DNase I in 100ml distilled water. 

Through serial dilution, the stock DNase solution (1mg/ml) was 

diluted to 0.01pg/ml, 0.02pg/ml, 0.05 pg/ml, O.lpg/ml, and 

1 .Opg/rnl.

30



Literature Cited

1. Bird, Adrian P. 1986. CpG-rich islands and the function of DNA

methylation. Nature 321:209 - 213.

2. Brown, Carolyn J. and H. F. Willard. 1990. Localization of a gene

that escapes inactivation to the X chromosome proximal short 

arm: implications for X inactivation. Am. J. Hum. Genet.

46:273 - 279.

3. Daniel, Arthur. 1983. Manual of Cytogenetics, Sixth Edition.

Shodair Specialty Hospital, Helena, Montana.

4. Dyer, Karen A., D. Riley and S. M. Gartler. 1985. Analysis of

inactive X chromosome structure by in situ nick translation. 

Chromosoma 92:209 - 213.

5. Earnshaw, William C., B. Halligan, C. A. Cooke, M. M. S. Heck, and L.

F. Liu. 1985. Topoisomerase II is a structural component of 

mitotic chromosome scaffolds. J. Cell Biol. 100:1706 - 1715

6. Earnshaw, William C. and M. M. S. Heck. 1985. Localization of

topoisomerase II in mitotic chromosomes. J. Cell Biol. 

100:1716 - 1725.

7. Gartler, Stanley M. 1989. Personal Communications.

8. Gasser, S. M., T. Laroche, J. Falquet, E. Boy de la Tour, and U. K.

Laemmli. 1986. Metaphase chromosome structure: 

involvement of topoisomerase II. J. Mol. Biol. 188:613 - 629.

31



9. Gilmour, David S., G. H. Thomas and S. C. P. Elgin. 1989.

Drosophila nuclear proteins bind to regions of alternating C 

and T residues in gene promoters. Science 245:1487 - 1490.

10. Goldman, Michael A., K. R. Stokes, R. L. Idzerda, S. McKnight, R. E.

Hammer, R. L. Brinster and S. M. Gartler. 1987. Chicken 

transferrin gene in transgenic mice escapes X-chromosome

inactivation. Science 236:593 - 595.

11. Grant, Stephen G. and V. M. Chapman. 1988. Mechanisms of X-

chromosome regulation. Annu. Rev. Genet. 22:199 - 233.

12. Heck, Margarete M. S. and W. C. Earnshaw. 1986. Topoisomerase

II: a specific marker for cell proliferation. J. Cell Biol.

103:2569 - 2581.

13. Laskey, Ronald A., M. P. Fairman and J. J. Blow. 1989. S phase of

the cell cycle. Science 246:609 - 614.

14. Lyon, Mary F. 1988. The William Allan Memorial Award Address

X-chromosome inactivation and the location and expression of 

X-linked genes. Am. J. Hum. Genet. 42:8 - 16.

15. Okada, Tadashi A. and D. E. Comings. 1980. A search for protein

cores in chromosomes: is the scaffold an artifact? Am. J. 

Hum. Genet. 32:814 - 832.

16. Nelson, William G., L. F. Liu and D. S. Coffey. 1986. Newly

replicated DNA is associated with DNA topoisomerase II in

4 32



cultured rat prostatic adenocarcinoma cells. Nature 322:187 

- 189.
<

17. Pardee, Arthur B. 1989. G1 events and regulation of cell

proliferation. Science 246:603 - 608.

18. Watson, James D., N. H. Hopkins, J. W. Roberts, J. A. Steitz and A.

M. Weiner. 1987. Molecular Biology of the Gene. The 

Benjamin/Cummings Publishing Company, Inc. Menlo Park, 

California. 260 - 264.

4 33


