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CHAPTER I

THE ORGANIZATION OF CHROMATIN

1.1 Introduction.

In order to arrive at a basic understanding of the 

mechanism of gene expression in eukaryotic cells, one

must first understand the structure and interaction of

their components: the structure and conformation of DNA

in active and inactive genes, the modification of histones, 

and the interaction of factors during transcription.

Increased research has resulted in several important 

observations, such as that of the subunit of chromatin 
structure.^ Further research is underway to determine 

if this subunit of structure is the actual conformation 
of DNA in active genes, 2 and how it might be affected 

by histone modification.

Ongoing efforts have produced a gradual increase 

in knowledge of how enzymes interact with non-histone 
proteins on chromatin.3 This is significant, as the knowl

edge gained relates to all the components necessary for 

the transcription of the eukaryotic genome.

This paper will discuss experiments performed, and 

relate them to the overall framework of gene expression.

1
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1.2 The Nucleosome.

The basic subunit of eukaryotic chromatin structure 
is the nucleosome.From neutron scattering studies,5 

its shape appears to be that of a disk about llnm in diame

ter and 5.5nm in thickness. Many nucleosomes consist 

of DNA lengths of 195±5 base pairs wrapped twice around

an octomeric core of histone proteins. The five commonly 

occurring histones are Hl, H2A, H2B, H3, and H4. Of these,

all but Hl are found in the nucleosome core—with two each

of these histones forming an octomeric core. Histone 

Hl, also known as the linker histone, is associated with

the sites at which DNA enters and exits the nucleosome
core.6

The number of DNA base pairs in the nucleosome varies 

from organism to organism. Yeast contains about 165 base 

pairs, while the sea urchin gastrula has about 218. For 

the human cell line Hela S3, there are about 188 base 

pairs.

The length of the DNA in a nucleosome can be affected 

by the method and duration of the digestion used to isolate 

the nucleosome. The digestion process has different effects 

on active genes than on inactive genes along the chromo
some . ®

Micrococcal nucleases, which cleave the double-stranded 

DNA, are used in the digestion process. These nucleases

attack the DNA wherever it is accessible, with digestion
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generally occurring between nucleosomes and resulting 

in monomers, dimers, and trimers of nucleosomes. With 

more extreme digestion using micrococcal nuclease, core 

particles can be isolated. Each particle consists of 

146 base pairs making 1-3/4 turns around an octomeric 
core, and is devoid of histone Hl and linker DNA.9

1.3 Histones.

Histones are chromosomal proteins found in higher 
eukaryotes so far studied.10 They are highly basic mole

cules consisting predominantly of lysine and arginine 

residues. In addition to the five histone types mentioned 

earlier, a sixth histone, H5, is found in some avians 

and amphibians. Apparently it replaces Hl. There is 

little variation among organisms in their primary histone 
structure.H This seems to indicate that histones perform 

an important function which has resisted evolutionary 

change.

The primary function of histones seems to maintain

the subunit of chromatin structure. Because of their 
basic residues, histones can actively bind to DNA.12 They 

also could possibly protect the DNA, and perhaps even 

determine which genes are exposed for expression.

1.3.1 Histone Modification.

Some modifications of histone residues occur, especial

ly on the basic residues which can undergo methylation



4

and acetylation. These change the properties of the his

tones, and affect the DNA interaction. Methylation occurs 

on histone H3 at lysines 9 and 27, and on H4 at lysine 20. 

This seems to change their basicity and to modify DNA 

binding.Acetylation has been noted on histones H2A, 

H2B, H3, and H4 at the basic N-terminals. This changes 
them to neutral molecules and possibly exposes the DNA.14 

Some correlations have been made between histone acetylation 
and gene expression.13 Phosphorylation of histones also 

occurs, in which serines and threonines are converted 
from neutral to negative molecules.1® Many correlations 

have been found between phosphorylation and the cell growth 
cycle.17

1.4 High Mobility Group Proteins.

The high mobility group proteins—HMG-1, 2, 14, and
17—are associated with active genes. 1® They are of low 

molecular weight and have acidic characteristics. HMG-1

is structurally similar to HMG-2, while HMG-14 is similar 

to HMG-17. These proteins have been found in all tissue 

types, and seem to function in the structure and possibly 
regulation of genes.19 HMG proteins bind ionically to 

DNA. Apparently, HMG-1 and 2 act to unwind the DNA double 
helix.20 DNase I sensitivity can be restored with HMG 

proteins. This is a test of gene activity, because DNase 
I preferentially digests active genes.21 HMG molecules

seem to attach to two binding sites near the 20-25 base
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pair end of the nucleosome core particle, and can be made 
to attach over a range of salt concentrations.22 It has 

also been shown that HMG proteins have a greater affinity 
for nucleosomes than for free DNA.22

1.5 Properties of Active Genes.

Many factors have been found in analyzing the structure 

of active genes. The two main ones being histone acetyla

tion and the HMG proteins. Through the use of DNase I, 

researchers have shown histone acetylation to be associated 

with transcription. Cells grown in butyrate (a deacetylase 
inhibitor) have an increased sensitivity to DNase I.24 

DNase I sensitivity can also be increased with HMG-14 

and 17. In cases where digestion is increased, HMG proteins 
and acetylated histones are released.24,22

DNase I makes single-stranded breaks on the DNA. 

Upon digestion there are DNA fragments of from 10 to 50 

base pairs. DNase I has been shown to digest active 
genes preferentially compared to inactive genes.2® This 

may indicate that the nucleosome structure of active genes 

differs from that of inactive genes.

Some active genes require the presence of RNA polymer

ase II for transcription, and may require a change in 

nucleosome structure. Histone acetylation and HMG proteins 

play important roles in the structure of active chromatin.

These components which have been known to be necessary

for gene activation were isolated by Baer and Rhodes to
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aid in determining the mechanism of expression.3 These 

components were: active gene probes, mononucleosomes,

and RNA polymerase II. These nucleosomes were found to 

be enriched in transcribed genes. They found that 15% 

of the nucleosomes would form a complex with RNA polymerase 

II. This complex had a sedimentation rate of 18s while 

free nucleosomes had a rate of 11s. These complexed core 

particles were deficient in histones H2A and H2B. It 

was thought that the H2A and H2B were displaced by the 

polymerase so that it could fit onto the nucleosome for

transcription.

Many questions, however, were left unanswered. Do 

core particles deficient in histones H2A and H2B have 

a greater affinity for RNA polymerase II? What effect 

do the HMG proteins 14 and 17 have on the binding of RNA 

polymerase II? Because HMG proteins have been identified 

with active genes, it is necessary to find how this affects 

RNA polymerase II interaction. How is the difference 

in the transcriptional rates of different cells related 

to the amount of bound RNA polymerase II? Is the binding 

of RNA polymerase II specific or nonspecific? Baer and 

Rhodes pointed out that, in their experiments, RNA polymer

ase II would only bind to genes thought to be active. 

There could, however, be other factors involved, such 

as enzyme activity.

This paper will answer some of these questions, and 

attempt to provide a better understanding of gene expres

sion .



CHAPTER II

RNA POLYMERASE

2.1 Eukaryotic RNA Polymerase.

The mechanism of gene expression depends on a class 
of enzymes known as DNA-dependent RNA polymerases.27 The 

three types of polymerases (I, II, and III) perform distinct 

functions in the transcription process. RNA polymerase

I is localized in the nucleolus, suggesting that r-RNA 

is transcribed by this enzyme. The polymerases II and 

III are localized in the nucleoplasm. RNA polymerase

II initiates transcription in non-ribosomal RNA and has 

been shown to be associated with m-RNA transcription in 

viral genes. RNA polymerase III initiates transcription 

of t-RNA. Low molecular weight 5s r-RNA and 4.5s t-RNA 
are synthesized by this enzyme.28

The control of these enzymes is seen in different

ways: with varying enzyme concentration levels, modifica

tion of the enzymes, or a change in the chromatin structure 
that makes it more susceptible to these enzymes.29 in 

several instances, enzyme concentration has been correlated 

with RNA synthesis. In other instances, however, RNA 

polymerase levels remain constant while the rate of tran

7
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scription changes.30 This could be dependent upon some 

kind of modification of either the enzymes or the nucleosome

structure.

• 2-2 Studies Involving RNA Synthesis

Experiments involving the synthesis of m-RNA have 
been performed. Manley, et al,32 have developed a cell-free 

system which includes whole cell extracts from HeLa, using 

adenovirus genes as templates. Transcription occurs via 

RNA polymerase II, with the addition of specific gene 

promoter genes. Four thousand nucleotide long transcripts 

can be isolated as transcription occurs. This system 

provides a method for studying all the cofactors and bio

chemical mechanisms of transcription.

In the effort to determine how RNA polymerase II 

functions, it is essential to define the interaction of 

polymerase with active genes. By isolating RNA polymerase 

complexed to nucleosomes, perhaps something will be learned 

about the various mechanisms at work. It may also reveal

structural modifications which occur.



CHAPTER III

METHODS AND MATERIALS

3.1 Nuclei Preparation from HeLa S3 Cells.

HeLa S3 cells were washed with phosphate buffered

solution three times before use. Cells that were frozen

were quick-thawed by immersing in a 37° C water-bath until 

thoroughly thawed. The thawed cells were then kept on 

ice. Lysis was caused by adding a 20 packed cell volume 

of Triton X-100 lysis buffer (0.5% Triton X-100, lOiaM 

Tris-HCl pH 6.85, ImM CaC12, 1.5mM MgC12, 0.25mM PMSF, 

0.25 M Sucrose, lOmM NaButyrate). This was gently swirled 

and allowed the cells to swell. Cell membranes were broken

by using 15 up and down strokes on a dounce homogenizer 

(keeping homogenizer on ice all the time). The homogenized 

mixture was then poured into a Sorvall centrifuge bottle 

and nuclei were spun down in a Beckman TJ-6 centrifuge 

at (500xg). Nuclei were washed six times with a 20 packed 

cell volume of isolation buffer (lOmM Tris-HCl pH 6.85, 

ImM CaC12, 1.5mM MgC12, 0.2mM PMSF, 0.25 M Sucrose, lOmM 

NaButyrate). The purity was determined by staining a 

drop of nuclei with methylene-blue and examined under 

a phase contrast microscope. Nuclei were free of any

9
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debris and cytoplasmic tags. Nuclei were then frozen 

in liquid nitrogen and stored in a -80° C freezer for 

later use. Chicken erythrocyte nuclei were prepared in 

the same manner.

3.2 Micrococcal Nuclease Digestion of Nuclei.

Frozen nuclei were thawed in 37° C water-bath and

chilled on ice before use. Preps using 5-10 gm of cells 

were resuspended in 15 ml of nuclei isolation buffer.

Determination of the DNA amount in the sample was 

done by pipetting 1 ml of a salt-saturated urea solution 

(a solution of saturated NaCl in 8 M Urea) in a test-tube.

A 10 ul sample of DNA was added to the salt-saturated 

urea and then using salt-saturated urea as a blank the

absorbence was determined at 260 nm. The amount of DNA

can then be calculated for the entire prep. Micrococcal 

nuclease in a stock solution of 70 units/ul was added 

to a final concentration of 25 units/mg DNA.

The sample was then prewarmed at 37° C in a water-bath 

with agitation for 10 minutes. The appropriate amount 

of enzyme was then added to start the digestion. Digestion 

lasted for 10-15 minutes with agitation. The reaction 

was terminated by the addition of a 1/10 volume of 20mM 

EGTA. The sample was chilled on ice and spun down by 

centrifugation using a Beckman TJ-6 at (500xg) five minutes. 

The supernatant was then discarded.

The sample was then resuspended in a 5 ml of lysis
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buffer (lOmM Tris-HCl pH 6.85, 5mM EDTA, 0.2mM PMSF, lOmM 

NaButyrate) and vortexed. This was left on ice for 10 

minutes and the cell debris was spun down by centrifugation 

with a Beckman TJ-6 centrifuge for ten minutes at (500xg). 

The supernatant contains the digested chromatin released 

by the micrococcal nuclease.

3.3 Isolation of Mononucleosomes, Dinucleosomes and Trinu-

cleosomes.

The supernatant was added to a 5-20% sucrose gradient 

(lOmM Tris-HCl pH 6.85, 5mM EDTA, 0.2mM PMSF, lOmM NaButy

rate). The sample was then centrifuged on a Beckman Ultra

centrifuge for 20 hours at 26K RPM (90,000xg), 4° C with

a SW-27 rotor. Fractionation was done in 1 ml fractions

and absorbence was measured at 260 nm for each fraction.

Purity of monomers was determined with DNA gel electrophore

sis stained in ethidium bromide. Results are seen on

graph and figure 3.3.

3.4 Radioactive Labelling of Mononucleosomes.

To a mixture of 1M Tris-HCl pH 8.0, 1 M MgC12, 0.1

M PMSF, polynucleotide Kinase (4000 units/ml), and gamma 

32-P-ATP, mononucleosomes were added and incubated for 

two hours at 37° C. The reaction was terminated by adding

EDTA to the mixture to a final concentration of 20 mM.

Free ATP was removed from labelled chromatin by exclusion 

chromatography on a Sephadex G-25 column. Radiation was

measured with a Beckman Scintillation counter.
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3.5 Isolation of RNA Polymerase II containing Mononucleo

somes .

32-P labelled mononucleosomes were mixed with a ten

molar excess of RNA polymerase II from HeLa cells. The 

reaction mixture was placed on ice for ten minutes and

then in a water-bath for three minutes at 37° C and then 

back on ice. Samples were then loaded onto a 15-30% glycer

ol gradient (lOmM Tris-HCl pH 8.0, lOmM NaButyrate, 5raM 

2-mercaptoethanol, 0.2 mg/ml BSA, 0.2mM PMSF). This was

then spun down in a Beckman Ultracentrifuge at 41.5K RPM 

(165,000xg), for 10.5 hours on a SW-60 rotor. The sample 

was then fractionated into scintillation vials for readings.
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Graph 3.3. Isolation of monomers, dimers and trimers of nucleosomes as determed by absorbance 
at 260nm.

Fig. 3.3. Purified monomers, DNA gel stained with Ethidium Bromide on lanes 

7-10.



CHAPTER IV

RESULTS

4.1 Different Sedimentation Rates of RNA Polymerase II

Containing Mononucleosomes.

In analyzing the glycerol gradient profiles of HeLa 

mononucleosomes with and without RNA polymerase II, there 

are some complexes formed. The gradient which contain 

nucleosomes without polymerase showed two peaks. The 

first, at the top of the gradient, is free -32-P-ATP. 

The second peak is labeled mononucleosomes. In the other 

gradient the polymerase shifts some of the mononucleosomes 

down forming another distinct peak. This peak shifted 

lower in the gradient due to the high molecular weight 

of RNA polymerase II. This formed a distinct complex 

having a greater sedimentation rate as compared to free 

nucleosomes. The amount of nucleosomes forming a complex 

is about 50%,(see figure 4.1).

4.2 Effect of Concentration of RNA Polymerase II.

As noted by the graph above, the more RNA polymerase 

II which is added the greater the shift there is to forming 

a second peak of complexed nucleosomes. In each case

14
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the number of nucleosomes is kept constant while increasing 

concentrations of polymerase is added. This seems to 

show that there is some type of relationship between concen

tration and binding, which was otherwise thought not to 

be a factor. Results seen on figure 4.2.



16

Graph 4.1. Control monomers (— ), monomers with Polymerase (—).

2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 
5-20% Sucrose Gradient Fraction Number Bottom

Graph 4.2. Increasing concentration of RNA Polymerase II; control monomers (— ), low 
concentration of Polymerase II (—), high concentration
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4.3 Effect of HMG-17 on Binding of RNA Polymerase II

When the HMG-17 protein is added to a concentration 

of 2 molecules per nucleosome there is a change in the 

normal nucleosome complexed peaks. With HMG-17 there 

is an increase in the number of uncomplexed nucleosomes 

and a decrease of ones complexed with RNA polymerase. 

There is a definite change in the amounts with complexed 

nucleosomes as compared to the control with polymerase. 

These graphs can be compared above.
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Graph 4.4. Histones H2A and H2B depleted with RNA Polymerase II (— ), without RNA 
Polymerase II (—).

4.4 Effect of Absence of Histones H2A and H2B on the

Binding of RNA Polymerase II.

Histones H2A and H2B were removed from nucleosome

core particles on a Hydroxyapatite ion exchange column. 

These were then added with polymerase to see if there 

was any change in the binding. In the above graph, core 

particles depleted in H2A and H2B completely pelleted 

out which indicates they all formed a complex with RNA 

polymerase II.

Fig. 4.4. SDS Polyacylamide gel showing histones from HeLa chromatin (first three lanes) and 
chicken erythrocyte chromatin.
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Graph 4.5. Chicken raononucleosomes, (— ), monomers mixed with RNA Polymerase II (—).

4.5 Different Transcriptional Rates of HeLa and Chicken

Monomers and the Binding of RNA Polymerase II.

In observing the binding of RNA polymerase II to 

chicken mononucleosomes there is approximately 24% of 

the nucleosomes binding to polymerase. In comparison 

with HeLa nucleosomes, which has a transcriptional rate 

ten times that of chicken nucleosomes, there is approximate

ly 50% binding to polymerase. This shows a definite cor

relation between gene activity and the binding of RNA 

polymerase II.



Fig. 4.5A. 7.5%-20% Gradient Polyacrylamide Gel; lanes left to right; HeLa Polymerase II,
mononucleosomes, blank, Polymerase with mononucleosomes.

Fig. 4.5B. HMG Proteins on Polyacrylamide gel.



CHAPTER V

DISCUSSION AND CONCLUSIONS

5.1 General Importance of this Work.

In examining the data, there is a definite relationship 

between RNA polymerase II and mononucleosomes. RNA 

polymerase II will form a distinct complex with 

mononucleosomes which will have a greater sedimentation 

rate than unbound nucleosomes. This binding seems to 

be of a specific nature. By observing the amount of binding 

with HeLa chromatin as compared to chicken erythrocyte 

chromatin, which in turn has a lower transcriptional rate, 

there is a relationship indicating that binding is specific. 

Other data that indicates a specificity is seen when 

nucleosomes are saturated with RNA polymerase II and a 

number of nucleosomes remain unbound (see graph 4.2). 

To further verify if nucleosomes which were bound to RNA 

polymerase II are enriched in genes transcribed by this 
enzyme, Baer and Rhodes^ employed cDNA probes that proved 

that bound nucleosomes are enriched in transcribed genes. 

This points to the fact that the DNA sequence is responsible 

for the selective binding.

Other factors, such as histone composition could

22
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possibly enhance the binding of RNA polymerase II. It 
was noted by Baer and Rhodes3 that bound nucleosomes were 

depleted of histones H2A and H2B. Core particles depleted 

in histones H2A and H2B are able to maintain their integrity 
with the remaining histones H3 and H4.33 Experiments here 

have shown that RNA polymerase II has a greater affinity 

for nucleosomes depleted in histones H2A and H2B (see 

graph 4.4).

Thus it seems that two factors, histone composition 

and the DNA sequence, could possibly be some of the factors 

responsible for the initiation of transcription. There 

is, however, a lack of evidence pointing to whether the 

enzyme displaces histones H2A and H2B or if the histones 
are already missing. Other factors such as acetylation,33 

could have the effect of opening the core particles and 

releasing the histones.

In analyzing the components necessary for gene expres

sion, HMG proteins have been focused upon. HMG proteins 

have been associated with active genes and it is necessary 

to see what kind of an effect they would have on the binding 

of RNA polymerase II. HMG-17 was added to mononucleosomes 

and then allowed to react with polymerase. As in graphs

4.3 A and B the addition of HMG-17 decreases the amount

of polymerase that will form a complex. This seems contrary 

because HMG proteins confer a sensitivity to DNase I. 

This observation could be a problem involving the order

of addition of components, as the polymerase was added
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last. Since the HMG proteins were added to a ratio of 

two molecules per nucleosome, their binding could possibly 

displace the polymerase, preventing it from binding.

Another problem that was conceived with this experiment 

is that the RNA polymerase II is responsible for the altered 

sedimentation rates. This was demonstrated by using a 

sensitive immunoblotting method developed by Howe and 
Hershey.34 RNA polymerase II antisera and 125i_pro-tein 

A were used to track the polymerase. The results showed 

that RNA polymerase II was possibly causing an altered 

migration rate on polyacrylamide gels. The polymerase 

used in the immunoblotting was from a whole-cell extract 
derived by Manley et al.^l Since this was not the purified 

polymerase used previously, the results have a different 

significance.

The overall importance of this work is that more 

and more of the components needed for gene expression 

are being put together to determine its activity. It 

is now possible to determine the roles of histones, HMG 

proteins and RNA polymerase II on the structure of actively 

transcribing chromatin.

5.2 Conclusion.

In concluding this paper, there are still many ques

tions that remain to be answered. First, will the unbound 

peak in the glycerol gradients bind to RNA polymerase 

II? There could be some factor inherent in the system
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that allows for a certain amount of nucleosomes to bind

even when the system is saturated with polymerase. Second

ly, m-RNA hybridization should be used to determine if 

the genes are active. Although this was done by Baer 
and Rhodes, 3 it should be continued here using the HeLa 

chromatin. Lastly, does the order of addition of HMG 

proteins and RNA polymerase II have any effect on the 

amount of complexed nucleosomes? Once these questions 

are answered, a better understanding of RNA polymerase 

II-complexed nucleosomes will be attained.
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