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CHAPTER I 

LITERATURE REVIEW 

Introduction 

All somatic cells of the same organism contain the same 

complement of genes. During cellular differentiation transcriptional 

specialization occurs. This process allows the selected expression 

of genetic information in specialized cells; e.g., only red blood 

cell precursors synthesize hemoglobin, only hepatocytes synthesize 

phenylalanine hydroxylase and serum albumin (159), and only estrogen 

induced oviduct cells synthesize ovalbumin. During differentiation 

certain genes function only at specific times and in particular 

tissues. Hence, portions of the eukaryotic genome must be prevented 

from expressing, in some manner, their genetic information. Evidence 

indicates that the chromosomal proteins participate in the regulation 

of gene activity. How this is accomplished and which components are 

involved are questions which are now being investigated. 

Chromatin Structtire 

Chromatin is a macromolecular complex of DNA, RNA, and 

protein. Its composition varies with biological source and method 

of preparation. The chromosomal material contains five proteins 

called histones that are complexed with DNA in a repeating pattern. 

The histones and the pattern are nearly invariant among organisms, 
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cell types, and stages in cell cycle. A constant feature of chro

matin composition is the mass ratio of histone to DNA which is 

approximately one (97, 150, 210). Other chromosomal proteins, the 

nonhistones, are much more variable with protein to DNA mass ratios 

of 0.3-1.2 (64). 

Histones 

The histones are small, basic, and highly conserved proteins 

involved in the physical packaging of DNA into nucleosomes. Five 

histones HI, H2A, H2B, H3, and H4 are involved in DNA packaging. 

Histones are found in all eukaryotic cells and are involved basically 

in structural functions. Investigations of the structure and amino 

acid sequence of the histones indicate that there are three classes 

of histones: highly conserved arginine-rich histones H3 and H4 

(56), moderately conserved slightly lysine-rich histones H2A and H2B, 

and the lysine-rich histone HI which is the least conseirved of the 

histones (39, 57, 58, 152). The four smaller histones H2A, H2B, 

H3, and H4 contain very basic N-terminal regions which are the 

primary sites of interaction with DNA and slightly basic C-terminal 

ends which may be involved in other protein interactions (68, 118). 

The central regions of the histones are apolar and are involved in 

histone-histone interactions (68, 108). Physical techniques, such 

as high resolution nuclear magnetic resonance (NMR) spectroscopy 

(23, 24, 130), fluorescence spectroscopy, and circular dichroism 

(67) allow probing of histone-histone and histone-DNA interactions. 

Cross linking and fluorescence spectroscopy of histone interactions 



indicate that arginine-rich histones H3 and H4 form a tetramer in 

solution and the slightly lysine-rich histones H2A and H2B a dimer 

(47, 48, 49, 175, 176, 177). 

The location of the various histones in the nucleosome in 

relation to DNA has been obtained by nuclease digestion, histone-

DNA cross linking, and chromatin reconstitution studies. The nucleo-

somal core particle contains a set of eight histone molecules, but 

not HI. Histone HI is released during the digestion of the linker 

DNA between the nucleosomes (11, 134, 167, 170). These findings 

indicate that eight histones (H2A, H2B, H3, and H4) are associated 

with the core DNA and HI is bound to the linker DNA. Histones H3 

and H4 are associated with the ends of the core DNA, as shown by a 

histone-DNA cross linking experiment (169). Chromatin reconstitution 

experiments involving varying quantities of the histones show that 

histones H3 and H4 are primarily responsible for the packaging of 

DNA into nucleosomes (19, 30, 121, 169, 173). We now envisage the 

molecular structure of chromatin as involving the coiling of DNA 

around an octamer of histones (tetramer of H3 and H4 and two dimers 

of H2A and H2B). This structural arrangement results in a 

"repeated array of histone-DNA complexes" (68, 108). This periodic 

arrangement of histone cores along the DNA molecule gives rise to the 

"beads-on-a-string" nucleosomal structure. When viewed by the electron 

microscope, the spherical nucleosomal particle exhibits a diameter of 

100-110 S (132, 133, 137, 140, 204). 



Nucleosomes 

The existence of a repeated nucleosomal structure in chromatin 

was confirmed by endonuclease digestion (37, 94, 132, 133). If DNA 

is packaged into nucleosomal structures by histones, some regions of 

the DNA should be more protected from nuclease digestion than others. 

Digestion of chromatin with micrococcal (Staphylococcal) nuclease, 

pancreatic deoxyribonuclease (DNase I), and spleen acid 

deoxyribonuclease (DNase II) indicates a repeated nucleosomal 

structure. Micrococcal nuclease cuts chromatin preferentially in-

between the nucleosomal subunits, thereby giving rise to a series of 

nucleosomal particles (mono-, di-, tri-, etc.). The mononucleosome 

contains varying lengths of linker DNA (10-60 nucleotides) due to 

the association of histone HI (134, 191, 202). Limited digestion of 

chromatin with micrococcal nuclease and analysis of the DNA by 

electrophoresis indicates that 200 base pairs of DNA are protected 

from nuclease digestion. Further digestion results in a DNA fragment 

of 140 base pairs which represents the length of the DNA within the 

nucleosomal core particle (134, 167, 172, 202). Extended treatment 

results in the nicking of the DNA within the nucleosomal core and 

gives rise to a series of DNA fragments the sizes of which are 

multiples of a unit length (132, 189, 190). DNase I and DNase II 

cleave chromosomal DNA within the nucleosomal core. Limited digests 

of chromatin by DNase I and DNase II lead to a nicking of both 

strands of the DNA at intervals of 10 nucleotides (7, 9, 133, 198). 

Nuclease digestion studies indicate that there are discrete cleavage 

sites within the nucleosome. Electrophoretic analysis of digested 
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chromatin shows that not all cleavage sites are equally accessible 

to nuclease digestion (69, 170). All three endonucleases cleave 

chromatin at three distinct sites which are symmetrically located 

within the nucleosome (174) . These findings indicate that a large 

amount of the nucleosomal DNA is susceptible to nuclease digestion 

and is oriented externally with none of the DNA specifically 

protected from digestion. In conclusion, 140 base pairs of DNA are 

contained within the "core particle." The size of the core particle 

is conserved in all species examined thus far. The linker DNA (60 

nucleotide pairs; 134) and its associated histone HI completes the 

nucleosome (184). 

Structure of Template Active 
vs. Inactive Chromatin 

Genetic information is contained within the DNA molecule. 

Eukaryotic organisms contain more than enough DNA to code for all of 

their various tissue-specific proteins. In some way, only certain 

regions of DNA are actively transcribed in each particular tissue. 

A question of interest is whether template active chromatin is 

structurally different from that of inactive chromatin. Investi

gations into the nucleosomal structure of chromatin have revealed 

no differences in the ultrastructure of actively transcribed and non-

transcribed chromosomal regions (42, 88, 90). But, structural 

differences do exist. One line of evidence which supports this state

ment comes from transcriptional experiments in vitro using exogenous 

bacterial RNA polymerase (6, 12, 35, 73). The tissue-specific 

transcription of chromatin with exogenous RNA polymerase probably 
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reflects an altered conformation of active genes. Another line of 

evidence for structural differences comes from nuclease digestion of 

active genes by DNase I and DNase II (13, 14, 74, 75, 88, 116, 127, 

199). Genes which are not transcribed are protected against 

exhaustive micrococcal nuclease digestion to the same extent as all 

other chromosomal DNA regions (9). In contract, the globin gene in 

chick erythrocytes (194, 199), the ovalbumin gene in hen oviducts 

(74, 75, 76), and the endogeneous avian tumor virus sequence in 

chicken DNA (199) were digested preferentially over nontranscribed 

DNA sequences by DNase I. The preferential digestion of active genes 

is not due to the transcriptional process since sequences which are 

transcribed at different rates are equally sensitive (75), and, 

sequences which are no longer transcribed maintain sensitivity at 

least for a time (141, 199). The increased sensitivity of actively 

transcribed nucleosomes to DNase I digestion suggests an alteration 

in the nucleosomal structure. 

The factors responsible for the structural alteration of 

actively transcribed nucleosomes are the acetylation of the histones 

(136, 193) and the content of the nonhistone proteins. When histone 

deacetylation is prevented there is an increased sensitivity of the 

associated DNA sequences to DNase I digestion (193). DNase II 

digestion of chromatin allows fractionation of chromatin into template 

active (soluble) and inactive (insoluble) fractions (14, 88, 127). 

Analysis of solublized template active chromatin showed an intact 

complement of histones (88), a subset of nonhistone proteins (89, 117, 

192), and a subset of DNA sequences (88). These studies indicate 
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that nucleosomes are present in both template active and inactive 

chromatin and that histone acetylation and nonhistone proteins may 

alter the nucleosomal structure of template active chromatin. A 

knowledge of the nucleosome structure is important for an iinder-

standing of protein-DNA and protein-protein interactions responsible 

for the regulation of gene expression. 

The Nonhistone Proteins 

The nonhistone chromosomal proteins are a highly heterogeneous 

class of proteins with limited tissue specificity (52) . They are 

heterogeneous in size, charge, solubility, and function. The isolation 

and characterization of the nonhistones has been the subject of many 

reviews (63, 65, 66, 122). The functional roles of the nonhistones 

include (a) enzymatic functions, such as DNA and RNA polymerases, 

proteases, and nucleases; (b) structural functions, such as contractile 

proteins (59) and RNA-packaging proteins (77); and (c) regulatory 

functions, such as hormone receptor proteins (66, 138). 

One class of nonhistone proteins is involved in the maintenance 

of the higher order structure of chromatin. A group of calf thyimis 

nonhistone proteins, termed HMG proteins, have been shown to inter

act with a fraction of HI which suggests a possible function in the 

condensation of chromatin (87, 171, 209). The HMG proteins are found 

in both template active and template inactive chromatin, supporting 

the conclusion that HMG proteins are not concerned with transcription 

(86, 87). Further, a nonhistone protein termed ubiquitin from 

cultured mouse cells interacts with histone H2A to form a protein A24 
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which replaces histone H2A in the octamer protein core of non-

transcribed nucleosomes (1, 83, 84, 85). A particular nonhistone 

from Drosophila melanogaster has been shown to interact preferentially 

with a particular satellite DNA (96). Thus, a group of nonhistones 

are involved in the macromolecular structure of chromatin. 

The nonhistone chromosomal proteins are held to play a 

regulatory role in gene expression. Evidence as to a possible 

regulatory role for the nonhistones is their preported ability to 

alter transcription in vitro (15, 43, 73, 110, 142, 186, 187). The 

nonhistones bind specifically to homologous DNA, perhaps indicating 

a possible function in gene expression (102, 105). These proteins 

have been fractionated over tandem DNA cellulose columns (188), over 

fragmented and fractionated DNA columns (2), and over hydroxyapatite 

columns (154). Other techniques employed to demonstrate nonhistone-DNA 

binding are sucrose gradients (144, 183, 208), immunochemical techniques 

(35, 195, 196), and membrane filter retention of the nonhistone-DNA 

complexes (96, 166, 168, 185). These studies along with earlier 

studies involving the role of the nonhistones in tissue-specific 

transcription of globin genes indicate that the nonhistones bind to 

homologous DNA and are implicated in the activation of DNA-directed 

SNA synthesis (12, 35, 147, 178). 

DNA Sequence Organization 

The nonhistone proteins have been suggested as regulators of 

transcription. One theory of gene regulation involves specific 

interactions between proteins and DNA. This theory is true for 
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prokaryotes as is shown by the lac operon. A second theory proposes 

that repeated eukaryotic DNA sequences act as batteries of control 

elements (26) . Recently, it has been proposed that repetitive DNA 

sequences are involved in the processing of mSNA (51). Eukaryotes, 

unlike prokaryotes, contain both repetitive and nonrepetitive DNA 

sequences (25, 53). Most structural proteins are transcribed from 

single copy genes and constitute a small amount (2-10%) of the total 

nonrepetitive DNA sequences (18). In contrast, the histone structural 

gene is present in multiple copies and constitutes less than 1% of the 

repetitive DNA sequences (92, 100, 165). Other eukaryotic repetitive 

genes are ribosomal RNA genes (200), 5S RNA genes (32, 33), and 

transfer RNA genes (38). The repetitive DNA sequences for the most 

part are not found in messenger RNA. Two classes of repetitive DNA 

sequences exist: highly repeated and moderately repeated sequences. 

Highly repeated sequences (repetition frequency ^ 100,000) fulfill 

chiefly nongenetic functions and are not transcribed. These sequences 

are thought to be involved in the condensation of chromatin. The 

moderately repetitive DNA sequences (repetition frequency = 10-10,000) 

are transcribed, but most are lost during RNA processing. Two size 

classes of repetitive DNA sequences exist in eukaryotes and will be 

discussed later. The organization of eukaryotic DNA sequences involves 

interspersion of moderately repetitive DNA with nonrepetitive DNA 

throughout most of the genome (52, 72) . This type of organization 

is consistent with Britten and Davidson's (1969) theory of gene 

regulation, which suggests that repetitive sequences may act as 



10 

batteries of control elements in genetic regulation. Whether this is 

the case or not has yet to be determined. 

In the past several years the pattern of arrangement of 

repetitive and nonrepetitive DNA sequences has been determined for a 

ninaber of eukaryotic genomes. A variety of organisms display a 

similar highly ordered pattern of repetitive sequence organization. 

Generally, repetitive DNA sequences are interspersed with non-

repetitive DNA sequences (5, 17, 52, 53, 54, 61, 72, 91, 164). In 

animals, repetitive sequences 0.2-0.4 Kb in length are interspersed 

with nonrepetitive DNA sequences of 800-1000 nucleotides. At least 

70% of the single copy DNA is organized in this manner. The 

remainder of the single copy DNA consists of long uninterrupted 

sequences. Quite a different pattern of sequence arrangement is 

present in the Drosophila genome. The number average length of 

repetitive seq;iences in this genome is 5600 nucleotides interspersed 

with single copy sequences of 13,000-30,000 nucleotides (45, 125, 201) 

Studies of repetitive DNA sequences have revealed two size 

classes of repetitive DNA (5, 52, 61, 206, 207). Approximately 60% 

of the repetitive DNA occurs in short sequences of 0.2-0.4 Kb in 

length while the remainder consists of sequences at least 2000 

nucleotides in length. Analysis of sea urchin repetitive DNA indi

cates that short and long repetitive DNA sequences have the same 

distribution of repetition frequency (10-1000) as total sea urchin 

repetitive DNA. Homology exists between the two repetitive size 

classes (60). Cloned sea urchin repetitive DNA sequences have been 

obtained and by reassociation kinetics shown to be representative of 
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all sea urchin repetitive sequences in length and repetition 

frequency. Representation of cloned repetitive sequences in RNA 

transcripts has been demonstrated by RNA-DNA hybridization (41, 163) , 

but the representation varies for each sequence. Different repetitive 

sequences or families are transcribed during the different stages of 

development (163). Both strands of the repetitive sequence are 

represented in RNA transcripts but are lost during RNA processing. 

These studies indicate that repetitive sequences are transcribed, 

though, not translated. As to their function, there is no evidence 

to indicate exactly what repetitive DNA sequences do. 

The Rat Genome 

The rat genome is characterized by interspersion of repetitive 

with nonrepetitive DNA sequences (18, 148, 149, 203, 206, 207). The 

rat genome's organization is similar to that of the other eukaryotes 

studied thus far. Approximately 60% of the DNA is single copy while 

about 10% is replicated 10-100 fold and 20% repeated 3000-fold. 

Another 10 percent of the DNA is foldback or highly repeated DNA. 

Two size classes of repetitive DNA sequences exist in the rat genome 

(149, 203). Approximately 40 percent of the moderately repetitive 

DNA sequences are excluded from Bio-Gel A-50, indicating a length 

greater than 1.5 Kb. The remainder is included with an average of 

0.3 Kb. Renaturation kinetics of long and short sequences suggest 

that there are no significant differences in complexity and 

repetition frequency between long and short repetititve sequences 

(206). Thermal denaturation experiments show that the long repetitive 
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sequences are less divergent than short repetitive sequences (149). 

The DNA sequence organization of the rat is similar to that described 

for most eukaryotic organisms. Studies involving the foldback DNA 

sequences suggest that these sequences are very similar to the 

moderately repetitive DNA sequences (151). 

Summary and Significance 

The complexity of eukaryotic DNA greatly exceeds the estimated 

number of sequences necessary to code for the cellular proteins. A 

large part of mammalian DNA consists of sequences that are never 

transcribed _in vivo, in contrast with prokaryotes that transcribe 

most or all of their DNA sequences (129). Eukaryotic DNA sequences 

are masked and transcriptionally inactivated or activated by chromo

somal proteins. Since nonhistone chromosomal proteins and repetitive 

DNA sequences are both proposed to function as possible control 

elements in gene expression, it is of interest to study nonhistone-

DNA interactions and the site of interaction within the DNA fragment. 

Interests in these studies lie in whether nonhistones bind to 

repetitive DNA sequences and the location of the binding site with 

respect to actively transcribed genes. A combined function of 

nonhistone-repetitive DNA binding may play an important regulatory 

role in eukaryotic genomes. 

The complexity of the eiikaryotic chromosome makes the 

investigation of specific regulatory elements extremely difficult. 

A knowledge of sequence complexity and the divergence of expressed 

sequences in vivo is important for an understanding of the control 
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of eukaryotic gene expression. The extent of gene activity in rat 

liver has been determined (161, 162) . Studies of expressed and non-

expressed sequences together with the adjacent repetitive DNA 

sequences and their associated nonhistone proteins will lead to an 

increased understanding of the mechanism of eukaryotic transcriptional 

control. 



CHAPTER II 

METHODS 

Isolation of Nuclei 

Forty grams of thawed, minced rat livers (Spraque-Dawley, 

Pel-Freeze Biologicals) in 100 ml of homogenization medium (0.1 M 

sucrose, 1.5 mM CaCl2,0.05 mM EDTA, lOmM Tris, pH 7.0, lOmM BMSH, 

5 mM MgCl2) were homogenized at a setting of 50 on the rehostat for 

5-10 seconds and then at 40 for 60 seconds. The homogenate was 

filtered through two, then four, layers of cheesecloth. The homo

genate was centrifuged at 2,000 rpm for 10 minutes. The pellet was 

resuspended in 1.0 M sucrose wash solution (1.5 mM CaCl„, 5 mM BMSH, 

lOmM Tris, pH 7.0), centrifuged at 4,000 rpm for 10 minutes, 

resuspended in 1.4 M sucrose wash solution, and centrifuged at 5,000 

rpm for 10 minutes. In order to create a partial gradient, the 

centrifuge tube was filled one third full with 2.0 M sucrose wash 

solution, mixed, and filled within one inch of the edge of the tube 

by gentle addition of further 2.0 M sucrose. After centrifugation 

at 10,000 rpm for 10 minutes, the supernatant was poured off and the 

reddish brown debris removed with a glass rod and tissue paper. The 

pellet was resuspended in 3.0 ml of resuspension medium (0.1 M sucrose, 

0.5 mM CaCl^, 10 mM BMSH, lOmM Tris, pH 7.0) by using a 10 ml syringe 

plus an 18 gauge needle fitted with a piece of plastic tubing. The 

14 



15 

suspended nuclei were transferred to a clean tube. The first tube 

was rinsed with 2.0 ml of resuspension mediimi. Nuclei from 40 grams 

of rat livers were pooled into one tube with a final volume of 20 ml. 

The nuclei were centrifuged at 2,000 rpm for 10 minutes. They were 

washed twice with 30-40 ml of saline-EDTA (0.075 M NaCl, 0.025 M 

EDTA, 10 mM BMSH, pH 8.0) and centrifuged at 6,000 rpm for 10 minutes. 

Clean nuclei were stored in 10 ml of freezing solution (10 mM Tris, 

pH 7.0, 10% glycerol, 0.1 mM PMSF) at -80''C. 

Isolation of Chromatin 

Chromatin was initially isolated from homogenized rat liver 

tissues as described previously (16, 188). The nonhistones used in 

the binding studies were isolated from crude nuclear chromatin, 

whereas those used in the isolation of bound DNA sequences were 

attained from nuclei. One hundred and twenty to 200 grams of frozen 

rat livers were homogenized in 0.075 M saline-EDTA, pH 8.0, by using 

a waring blender and filtering through cheesecloth. The crude nuclear 

pellet was obtained by low speed centrifugation and washed two times 

with saline-EDTA. The crude nuclear pellet or nuclei were washed 

three times with 10 mM Tris, pH 7.0, 10 mM BMSH, and 1 mM DFP. The 

pellet was collected by centrifugation at 10,000 rpm for 10 minutes 

and sheared in a Virtis 60 homogenizer (30,000 rpm for 90 seconds). 

The solubilized chromatin was compared to sucrose-purified chromatin 

by chemical analysis. 
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Fractionation of the DNA-Binding Nonhistones 

The isolation of the nonhistones is based on the solubility 

of chromosomal proteins dissociated from the DNA in 4 M sodium 

chloride, 10 mM Tris, pH 7.0, 0.1 mM DFP (135). The DNA was removed 

by centrifugation at 280,000 x g for 20-24 hours in a Beckman Ti 

50.2 rotor. A yield of 64 ± 15.4% of the chromosomal proteins was 

found in the supernatant while 39.2 ± 23.5% of the chromosomal proteins 

were pelleted with the DNA. Histones were separated from the non

histones by Bio-Rex 70 cation exchange chromatography (115). From 

30 rat livers 90-120 mg of nonhistones were obtained. 

The nonhistones were fractionated by phosphocellulose 

chromatography. Phosphocellulose (Sigma Chemical, St. Louis) was 

acid-base washed, loaded onto a 2.5 x 15 cm column, and equilibrated 

with 0.05 M NaCl, 0.04 M phosphate buffer, pH 6.8. The nonhistones 

(0.2-0.3 mg/ml) were applied to the column at a flow rate of 30 ml/ 

hour. The absorbance of the elutent at 230 nm was recorded. The 

colijmn was washed with application buffer and eluted with 2-3 column 

volvmes of 0.15 M NaCl, 0.4 M NaCl, and 1.0 M NaCl in 0.04 M 

phosphate (ph 6.8). DNA cellulose was prepared by UV irradiation 

of DNA and cellulose in ethanol for 30 minutes. E. coli and rat DNA 

cellulose columns were prepared. Phosphocellulose binding proteins 

were fractioned over E. coli and rat DNA cellulose columns. 

Membrane Filtration Assay for DNA Binding 

Protein-DNA complexes bind to nitrocellulose filters (155, 

156, 157, 158). Binding is detected by employing radioactively 
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labeled DNA and unlabeled proteins in the reaction mixture. The 

niimber of protein-DNA complexes is proportional to the amount of 

radioactive DNA retained on the filter. The fraction of the total 

DNA retained on the filter is obtained by: 

fraction DNA _ cpm retained-cpm background 
on filter total cpm input 

The background is defined as the amount of radioactive DNA retained 

in the absence of protein. 

A typical DNA binding experiment is described below. Gelman 

metricel filters (24 mm diameter, 0.45 ypore size) were presoaked in 

the assay buffer (0.04 M phosphate, pH 5.8, 5% glycerol, 0.1% BMSH, 

-4 -5 

10 M MgCl , and 10 M EDTA) . The nonhistones and sheared rat DNA 

(2 yg/ml) were mixed in a volume of 1.5 ml of assay buffer plus sodixan 

chloride (0.2 M) and incubated for 15 minutes at the desired temperature; 

longer incubation times did not result in increased retention of the 

DNA. Triplicate 0.5 ml aliquots were filtered at 4 psi over membrane 

filters, washed with 1 ml of assay buffer, and counted in a Beckman 

liquid scintillation counter in a Triton X-114, xylene based 
scintillation cocktail. 

DNA Purification and Fragmentation 

All DNAs were purified from crude' chromatin by standard 

techniques (126, 166, 206). Labeled rat ascites DNA was prepared from 

rat ascites cells grown Jii vivo with 1 mCi [ H] thymidine (Schwaltz-

Mann, Orangeberg, N.Y.). The labeled thymidine was injected 48 hours 

before harvesting (46). Rat DNA was mechanically sheared to 350 
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nucleotide pairs by three passes through an Aminco French Pressure 

Cell at 20,000 psi, O^C in 0.1 M sodium acetate, pH 8.0, and 50% 

glycerol. DNA was concentrated by precipitation in 2.4 volumes of 

ice cold ethanol. Rat DNA was sheared to 3,400 nucleotides by high 

speed blending 5,000 rpm for 30 minutes in 0.1 M sodium acetate at 

0°C in a Virtis 60 homogenizer. DNA was sized by electron microscopy 

by using a modified Kleinschmidt procedure (53, 98). Weight average 

lengths were calculated by alkaline sucrose gradients according to 

the relationship derived by Studier (1965). Five to 20 percent 

linear sucrose gradients in 0.1 N NaOH were centrifuged in a SW 50.1 

rotor at 40,000 rpm for 4.5 to 7 hours. Labeled DNA markers 

(Bethesda Research) were applied to the same gradient as the sheared 

DNA fragments. 

Single copy rat DNA was isolated from the whole rat genome 

by successive fractionation at Cot 200. Middle repetitive DNA was 

isolated as that DNA which is double stranded by Cot 200. Snapback 

DNA was removed by boiling middle repetitive DNA and passing the 

sample over hydroxylapatite. 

S-1 Nuclease Digestion 

DNA samples which were to be digested with S-1 nuclease were 

incubated in 0.3 M NaCl, 0.01 M Pipes, pH 6.8, at 65°C. After 

incubation, samples were diluted with an equal volume of 0.05 M 

sodium acetate, 0.4 mM ZnSO, , pH 4.2, and 50 mM BMSH. The final 

reaction mixture was 0.15 M NaCl, 0.005 M Pipes, 0.025 M sodium 

acetate, 0.2 mM ZnSO,, 25 mM BMSH, pH 4.4 (29). The standard enzyme 
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to DNA ratio used was 150 yl/mg for measurements of the fraction of 

repetitive DNA in the genome (DIG=0.78). The DNA samples were 

incubated with S-1 nuclease for 45 minutes at 37"C. Termination was 

accomplished by the addition of 1.0 M PB and the sample was passed 

over a hydroxy lapatite column at 60''C. The fraction duplex was 

eluted with 0.48 M PB. The size distribution was measured by passage 

over a 1.0 X 120.0 cm column of agarose A-50 (Bio-Rad). The gel bed 

was poured around a support of 3-5 mm glass beads (28, 148). Columns 

were calibrated with samples sized by the electron microscope. 

DNA Labeling 

Rat DNA samples were labeled to high specific activity by 

nick translation (123). Tritiated DNA of specific activity 1 to 3 x 

10 cpm/yg was prepared by nick translation in the following reaction 

mixture: 0.1 nmole commercal [ H] thymidine 5" triphosphate (50 Ci/ 

mmole, ICN), [ H] deoxycytosine 5" triphosphate (20 Ci/mmole, ICN), 

0.4 nmole deoxyguanosine 5" triphosphate, 0.4 nmole deoxyadenosine 

5^ triphosphate (P.L. Biochem.), 55.7 mM potassium phosphate, pH 7.5, 

6.7 mM MgCl„, 1 yg unlabeled DNA, and 5-10 iinits of DNA polymerase I 

(Worthington Biochem. or P.L. Biochem). After 6 hours of incubation 

at 14"C, 0.1 ml of 0.1 M EDTA was added to the mix and the double 

stranded DNA was retained on a hydroxy lapatite colximn. The labeled 

DNA was eluted in 0.48 M sodium phosphate, pH 5.8. For labeled DNA 

used in reassociation experiments, carrier DNA was added and the 

mixture was phenol-chloroform extracted, treated with chelex, and 

prepared for reassociation. DNA was also labeled by the in vitro 

iodination method of Commerford (40, 139, 160). 
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Isolation of Nonhistone Protein Bound DNA 

In order to determine how much protein is required to isolate 

a fraction of the rat genome containing nonhistone binding sites, a 

protein-DNA titration curve was obtained. Once the level of DNA 

retention was decided and the mass ratios of protein to DNA per ml 

was determined, mass quantities of bound DNA were isolated. DNA 

sites were not saturated with nonhistone proteins. Normally 60-120 

ml of the assay buffer (see membrane filtration assay section) 

containing 200 mM NaCl, nonhistones, and DNA (1 yg/ml) were incubated 

at room temperature for 15 minutes and filtered over Gelman Metricel 

or Enzo bond nitrocellulose filters (47 mm, 0.45 ypore). No more than 

300 to 600 yg of protein was filtered over one membrane filter at a 

time. The retained nonhistone-DNA complexes were washed once with 

2.0 ml of the assay buffer. Bound DNA was eluted from the filter by 

swirling two filters per 8.0-10.0 ml of the elution buffer (0.1% SDS, 

100 yg/ml Pronase) at 37°C for 15 minutes. The filters were rinsed 

with the elution buffer and discarded. The same elution buffer can 

be used for several days. In this manner, 500-800 yg of nonhistone 

bound DNA was obtained at 20-60 yg DNA/ ml. The protein-bound DNA was 

purified by phenol-chloroform extraction and dialyzed against 10 mM 

ammonium acetate. In order to remove nonspecifically filter-retained 

DNA, the bound DNA sample was repassed through several membrane 

filters by syringe. The DNA sample was concentrated by lyophilization 

or ethanol preciptitation. Long bound DNA (BDNA) fragments (3400 

nucleotide pairs) were sheared to 300 nucleotides by two passes through 

an Aminco French Pressure Cell. 
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When DNA is isolated by retention on membrane filters, 

fragmentation may occur. Eight kilobase pair DNA was passed over 

membrane filters and sized by electron microscopy (55). The size of 

the fragments reniained unaltered (Figure 1) . The restriction pattern 

of lambda DNA remained unaltered when passed over or retained on 

membrane filters. Thus, DNA fragments isolated by filter retention 

are not fragmented during the isolation procedure (124). The 

renaturation rate of membrane retained DNA, genetic complexity, and 

component composition is unaltered by the process which indicates 

that no reassociational artifacts are caused by membrane filter 

retention. 

Eco RI Restriction and Agarose 
Gel Electrophoresis 

Endonuclease, Eco RI, was obtained from Miles Laboratory, 

Elkhart, Indiana. Rat DNA was digested with a threefold excess of 

enzyme in 0.1 M Tris, pH 7.5, 10 mM MgCU, and 7 mM BMSH for two 

hours at 37"C. Completion of digestion was determined by viscosity 

measurements and by digestion of lambda DNA under similar conditions. 

After digestion, sodium-EDTA was added to 25 mM and adjusted to 10% 

sucrose, 0.002% bromophenol blue. Digested samples were electro-

phoresed on 0.7 to 1.7% agarose gels in electrode buffer (0.04 M 

Tris, pH 7.8, 20 mM Na Acetate, 1 mM EDTA) at a constant voltage of 

50 volts for four hours (99) . DNA was visualized by ethidium 

bromide fluorescent staining. 
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Fig. 1. Histogram of 8 kilobase pair rat DNA. DNA sheared to 

approximately 8 kilobases was sized by use of the protein monolayer 

spreading technique of Davis et_ a^. (1971) on the electron microscope. 

The DNA was later filtered and resized. (A) eight kilobase pair rat 

DNA, (B) eight kilobase pair rat DNA which has been filtered. 
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Reassociation Kinetics 

DNA samples were sealed in capillary tubes, denatured at 

100'*C for 5-10 minutes, and annealed in sodium phosphate buffer (PB) 

of pH 6.8 at 72°C for 0.48 M PB, 62°C for 0.12 M PB, or 54°C for 

0.05 M PB. In excess driven hybridization experiments labeled DNAs 

were reassociated with 3000-fold excess of unlabeled DNA. 

The reassociated DNA was incubated to different Cot values 

[time (second) multiplied by DNA concentration (mole nucleotides per 

liter)] calculated for the carrier DNA fragments. After incubation 

the samples were frozen in dry ice-ethanol for further analysis or 

immediately analyzed for double stranded content. The samples were 

diluted in 2.0 ml of 0.03 M PB, 0.1 M NaCl, pH 6.8, and passed over 

a hydroxy lapatite column (Bio-Rad, DNA Grade) at 50''C. Single 

stranded DNA was eluted with 10 ml of 0.12 M PB. The duplexed DNA 

was eluted with 10 ml of 0.48 M PB, pH 6.8. Five ml fractions were 

collected and the nucleic acid precipitated by the addition of 100 yg 

of unlabeled carrier RNA and 10 percent TCA. The precipitated nucleic 

acid was collected on 0.45 yB6 Schleicher and Schuell filters, washed 

with 50% ethanol, dried in an oven, and counted in a Xylene-based 

scintillation cocktail. The percent of single-strand DNA was determined 

from the total number of counts recovered. Data were normalized to 

0.12 M PB, pH 6.8, and subjected to nonlinear least square computer 

analysis which was capable of fitting several kinetic components with 

second order kinetics (148). 
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Sodium Dodecyl Sulfate Disc Gel Electrophoresis 

Protein samples (in 2% SDS, 65 mM Tris, pH 6.8, 5% BMSH, 

10% glycerol, 0.001% bromophenol blue) were subjected to disc gel 

electrophoresis according to the method of Laemmli (1970) . The tray 

buffer was 0.384 M glycine, 0.1% SDS and titrated to pH 8.3 with 

crystals of Tris-base. Acrylamide gels (9.7% w/v) of dimensions 

0.6 X 12.0 cm were run at constant current (1.5 mAmps per gel) until 

the tracking dye had migrated 10.0 cm. Gels were fixed for 12 hours 

in 50% TCA at room temperature, washed three times with 7% acetic 

acid (1 hour per wash), stained for two hours with 0.25% Coomassie 

brillant blue R-250 in 5:5:1 water:methanol:acetic acid, and destained 

by diffusion against 10% acedtic acid and 5% methanol. Gels were 

scanned by a Varion 635 spectrophotometer. Molecular weights were 

assigned by co-electrophoresis of standards (Weber and Osbom, 1969); 

such as, chymotrypsin (13,000), myoglobin (17,000), ovalbumin (43,000), 

Y globulin (10,000), y globulin L (25,000), 3-galactosidase (130,000), 

and bovine serum albumin (58,000). 

General Methods 

Protein concentrations were determined by the method of Lowry 

(1951) or by the filter method of Kuno and Kihara (1967) with Bovine 

serum albvimin as the standard. DNA concentrations were determined 

spectrophotometrically by using an extinction coefficient of 6500 

Kgcm)""*" for native DNA and 8850 l(gcm)~ for single stranded DNA. 



CHAPTER III 

INTERACTIONS OF A CLASS OF NONHISTONE 

CHROMOSOMAL PROTEINS WITH DNA 

Introduction 

The nonhistone chromosomal proteins are a highly hetero

geneous class of acidic proteins which exhibit tissues and species 

specificity (66). They have been implicated in gene expression (145, 

178, 179, 183) and in the control of transcription (143, 186, 187). 

Included in the nonhistone proteins are RNA poljnnerase, DNA polymerase, 

histone proteases, nucleases, histone acetylase, hormone receptors, 

and possibly activator and repressor molecules (55) . 

An understanding of the functional roles played by the non

histones can best be obtained by the isolation of pure nonhistone 

proteins. The heterogeneity of these proteins makes it extremely 

difficult to isolate a pure nonhistone. This chapter reports a 

partial purification of a class of nonhistones which possess DNA 

binding specificity. The nonhistones were fractionated by their 

affinity for phosphocellulose. This resin mimics DNA and allows the 

selection and fractionation of DNA-binding nonhistone proteins. The 

DNA binding properties of the fractionated nonhistones were investi

gated by nitrocellulose membrane filtration (120, 121, 155, 155, 157, 

158) . This study describes the effect of various reaction conditions 

on the affinity of the nonhistones for rat DNA. 

25 
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Purification and Fractionation of 
Rat Liver Nonhistones 

Rat liver chromatin was isolated from frozen Spraque-Dawley 

rat tissues and characterized by a histone:DNA ratio of 1.11:1 and a 

nonhistone:DNA ratio of 0.55:1.0 (62). The nonhistone purification 

scheme is shown in Figure 2 and is discussed in Chapter 2. The 

elution profile of the nonhistones from the phosphocellulose column 

is shown in Figure 3. In order to determine whether or not all DNA 

binding nonhistones are retained by phosphocellulose, a rat DNA 

cellulose column was placed in tandem with the phosphocellulose 

column. Unretained nonhistone proteins do not bind to the rat DNA 

column, indicating that all DNA binding proteins are bound to the 

phosphocellulose column. Protein analysis allowed quantitation of 

each protein fraction and the percentage yields are shown in Table 1. 

Nonhistone proteins have been isolated from crude nuclear 

chromatin and from nuclei. Approximately 55 percent of the non

histones passed through the phosphocellulose colximn. Nonhistones 

isolated from crude nuclear chromatin contained a class of weak 

binding nonhistones (6.9%). In comparison, nonhistones isolated from 

nuclei contained fewer proteins than those isolated from cirude chromatin 

and did not contain this class of weakly botmd nonhistones. The non

histones that eluted from the column at 0.45 M ionic strength 

constituted 13.9 percent of the total nonhistones and were designated 

as moderately bound proteins. The remaining nonhistones, 12.9%, 

were eluted with 1 M salt and were designated as tightly bound non

histones. Higher ionic strengths did not result in further elution 
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CHROMATIN 

4 M NaCl dissociation for one 
hour. 

Centrifugation at 228,000 x g 
for 20 hours. 

DNA PELLET CHROMOSOMAL PROTEINS 

Dialyzed to 0.4 M 
NaCl and passed over 
Bio-Rex 70 cation 
exchange column. 

NONHISTONES HISTONES 

Runoff and Weakly 
Bound Nonhistones 

Dialyzed to 0.04 M PB, 0.05M 
NaCl and passed over a phospho
cellulose column. 

Moderately Bound 
Nonhistones (0.4 M) 

Tightly Bound 
Nonhistones 
(1.0 M) 

Fig. 2. Isolation and fractionation scheme for the nonhistone 

proteins. 



Fig. 3. Chromatographic separation of the nonhistone proteins by 

phosphocellulose chromatography. The nonhistone proteins in 0.05 M 

NaCl and 0.04 M phosphate buffer, pH 6.8, were applied to a phospho

cellulose column at a flow rate of 15-30 ml/hour. The unretained 

(runoff) proteins were collected in 6 ml fractions and included a 

wash with 2-4 column volumes of the equilibrating buffer. The 

nonhistones were eluted by washing the column with increasing steps 

of salt (0.15 M, 0.4 M, and 1.0 M NaCl) in 0.04 M phosphate buffer. 

The bars represent the pooled fractions. 
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TABLE 1 

Purification of the Nonhistone Proteins 

Fraction Recovery Recovery of Nonhistones 
(%) 

Sheared Chromatin 100 

2 
Chromosomal Proteins 64.4 ± 16.4 

DNA Pellet 39.2 ± 23.5 

Histones 30.2 ± 9.7 

Nonhistones 32.2 ± 3.6 

Nonhistones (Dialyzed) 20.5 ± 3.1 100 

Unretained Nonhistones 
and the Weakly Bound 
Nonhistones (0.15 M) 12.9 ± 1.5 61.9 ± 3.2 

Moderately Bound 
Nonhistones (0.4 M) 2.85 ± 1.1 13.8 ± 2.5 

Tightly Bound 
Nonhistones (1.0 M) 2.55 ± 0.97 12.9 ± 2.2 

Average of 12 preparations. 

2 
Standard deviation over 12 preparatxons, 
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of proteins from the column. Sodium dodecyl sulfate electrophoretic 

analysis of the nonhistone fractions indicated that a fractionation 

of the nonhistones occurred by ionic strength elution of the proteins 

from the phosphocellulose column (Figure 4) . Even though the 

electrophoretic patterns of the nonhistones are complex, there are 

qualitative and qxiantitative differences between the different non

histone fractions. 

The heterogeneity of the nonhistone protein fractions can 

be decreased by fractionation over DNA cellulose columns. 

Fractionation of the moderately bound nonhistones over a tandem series 

of DNA cellulose columns (E. coli -»• Rat) decreased the heterogeneity 

of the nonhistone fraction and indicated that two classes of DNA 

binding proteins exist: specific (rat DNA) and nonspecific (E. coli 

DNA) . 

Properties of Nonhistone-DNA Interactions 

Equilibrium Binding Studies 

The nitrocellulose membrane filtration technique has been 

employed to investigate the DNA binding properties of the nonhistone 

protein fractions (155, 157, 158). The filter binding method is a 

very sensitive assay of protein-DNA association and has been used in 

studies of the lac-repressor-DNA interactions (120, 121, 155, 157, 

158) . This technique depends upon the retention of DNA fragments on 

membrane filters due to their interactions with nonhistone proteins. 

DNA not bound to nonhistones passes through the filter. Equilibrium 

binding studies indicate that the binding of the moderately bound 



Fig. 4. Comparison of the nonhistone protein fractions eluted 

from the phosphocellulose column. 1) total nonhistone proteins, 

2) unretained nonhistone proteins, 3) weakly bound nonhistone 

proteins at 0.15 M NaCl, 4) moderately bound nonhistone proteins 

at 0.4 M NaCl, 5) tightly bound nonhistone proteins at 1.0 M 

NaCl. SDS disc gel electrophoresis were rtm on all samples as 

described in Chapter 2. 



33 

MOLECULAR WEIGHT 

X 10"' 

159 

i06 

71.5 

57.2 

42.9 

28.6 

14.3 

IS 



34 

nonhistones to rat DNA is independent of temperature but dependent 

on the ionic strength and protein concentration of the reaction mix

ture (Figure 5A and 5B) . The binding of sheared rat DNA (350 bp) to 

proteins is linearly dependent on the concentration of the moderately 

bound nonhistone. Increased ionic strength decreases the retention 

of DNA on the membrane filters. This decrease may be due to: (1) an 

alteration of the retention efficiency of the membrane filter with 

increased ionic strength, (2) an alteration of the equilibrium of the 

protein-DNA interaction during the filtering process, or (3) an 

alteration in the stability of the protein-DNA complex due to the 

ionic strength. 

The retention of the protein-DNA complex on the filter is due 

to the retention of the protein (95, 155, 156). The monitoring of 

protein retention on nitrocellulose filters at various ionic 

strengths indicates that the retention efficiency of the filter is 

unaltered at ionic strengths less than 0.3 M (Table 2). Further, the 

addition of excess unlabeled DNA prior to filtration does not alter 

the protein-DNA equilibrium. The protein-DNA association is rapid, 

i.e., established within 20 seconds, and is stable for longer than one 

hour. Thus, the reduced DNA retention is due to the alteration of the 

protein-DNA equilibrium by ionic strength. 

As is shown in Figure 5 the binding of the moderately bound 

nonhistones to DNA is ionic strength dependent. In contrast, the 

tightly bound nonhistones' interaction with rat DNA is temperature and 

ionic strength independent (Figure 5C and 5D) . Protein-DNA binding 

ceases at ionic strengths greater than 0.5 M, indicating that the 



Fig. 5. Ionic strength effect on nonhistone protein-DNA inter

actions. Increasing amounts of the moderately bound (A, B) or tightly 

bound (C, D) nonhistones were mixed with 2 yg/ml of tritiated rat 

DNA of 350 base pairs in a total volume of 1.5 ml of 0.04 M phos

phate, pH 6.8, at various ionic strengths: 0.10 M (•), 0.15 M (0), 

0.25 M (A), and 0.35 M (A) for figure A and B; and 0.10 M (•), 

0.15 M (0), 0.45 M (A), and 0.55 M (A) for figure C and D. Samples 

were incubated for 15 minutes at 0°C (A, C) and 37°C (B, D) . 

Triplicate samples of 0.5 ml were filtered over nitrocellulose 

filters. The data shown represent the average amount of DNA retained 

on the three filters. A background of nonspecifically retained DNA 

(4%) has been subtracted from all data points. 
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TABLE 2 

Retention Efficiency of the Membrane Filters 

Protein in 
Sample (yg) 

Protein on filter (yg) 
under different ionic 

conditions 

Protein in filtrate 
(yg) under different 
ionic conditions 

O.IM 0.25 M 0.35 M 0.1 M 0.25 M 0.35 M 

4.16 

8.33 

16.7 

33.3 

58.3 

3.35 

9.35 

11.4 

26.6 

60.0 

3.95 

19.8 

44.2 

72.0 

3.16 

9.0 

11.3 

25.4 

38.0 

0.36 

3.0 

3.2 

0.22 

2.2 

2.15 

0.20 

5.9 

12.8 

Total nonhistone proteins were diluted in 0.04 M PB at 0.1 M, 0.25 
M, and 0.35 M ionic strengths and filtered through nitrocellulose 
membrane filters. After filtration, 10 percent TCA was passed 
over the filter. Protein retention was determined by Kuno and 
Kihara (1957) technique. Bovine serum albumin was used as a 
standard. 



38 

tightly bound nonhistones are sensitive to high ionic strength and 

resemble histones in their binding characteristics. DNA binding 

studies Indicate that each nonhistone fraction contains a distinct set 

of proteins. 

Dissociation Studies 

Equilibrium binding studies suggest that the stability of the 

moderately bound nonhistone-DNA complexes is ionic strength dependent. 

The decreased binding of the nonhistones may be due to the selection 

of a group of stable protein-DNA complexes which are otherwise masked 

by a large number of weaker protein-DNA interactions. Unlabeled rat 

DNA (350 base pairs) was added at mass ratios of 20:1 or 100:1 to a 

preincubated mixture of labeled rat DNA and a limited amount of non

histones (Figure 5).. Both the moderately and tightly bound nonhistone-

DNA complexes demonstrate biphasic dissociation patterns. These types 

of patterns Indicate that there is a mixture of weak or low affinity 

and strong or high affinity protein-DNA interactions. As the ionic 

strength is increased, a substantial decrease occurs in the rapid 

dissociation of the low affinity moderately bound nonhistone-DNA 

complexes (Figure 5A) . The slowly dissociating component or high 

affinity interaction complexes is not affected by ionic strength. The 

amount of strong protein-DNA complexes remain constant. In contrast, 

the amount of the rapid dissociating complexes in the tightly botind 

nonhistone fraction does not decrease appreciably at higher ionic 

strengths (Figure 6B). These studies imply that the moderately and 

tightly bound nonhistones contain weak and high affinity DNA binding 
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Fig. 6. Rate of dissociation of nonhistone protein-bound DNA 

complexes. Moderately bound (A) or tightly (B) bound nonhistone 

proteins were incubated for 15 minutes at 37°C with 2 yg/ml of 

tritiated rat DNA (350 base pairs). Unlabeled rat DNA was added at a 

20 or 100 mass excess to the reaction mixture. Incubation was con

tinued at 37°C and 0.5 ml samples were removed in triplicate and 

filtered over the membrane filters. Samples were taken from time 

0 to 80 minutes. (•) 0.1 M, (A) 0.25 M, (A) 0.35 M. 
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proteins. Since the tightly bound nonhistones are insensitive to low 

ionic strength and resemble the histones in this respect, they are 

probably involved in the structural maintenance of chromatin. The 

moderately bound nonhistones are sensitive to ionic strengths, indi

cating that electrostatic Interactions are involved in protein-DNA 

binding. The strong or high affinity interactions are due to 

hydrophobic forces. These proteins may be involved in other functions 

besides the maintenance of chromatin structure. 

Specificity of the Nonhistone-DNA Interactions 

All of the results discussed are consistent with the concept 

that high ionic strength selects for high affinity protein-DNA inter

actions. The specificity of nonhistone binding was investigated by 

equilibrium competition experiments (156, 157, 155, 185). Tritiated 

labeled rat DNA (350 bp) was allowed to interact with the moderately 

bound nonhistones to equilibrium. Increasing amounts of unlabeled DNA 

were added to the reaction mixture and the decrease in the nimiber of 

protein-DNA complexes was monitored as a fxinction of competing DNA 

concentration. The competing DNA which has the highest affinity for 

the nonhistones should compete to the greatest extent and at much lower 

initial DNA concentrations. The extent of competition is often a good 

indication of the relative affinities of the DNAs for the protein. A 

meaningful parameter to monitor is the initial competitor concentration 

required for 50 percent competition, D^ where a lower D indicates 

higher affinity of the nonhistone proteins for the competing DNA (120, 

185) . DNAs from a variety of sources were employed as competitors in 



Fig. 7. Equilibrium competition experiments with various DNAs. 

A fixed amount of moderately bound nonhistones and tritiated rat DNA 

of 350 base pairs was mixed with increasing amounts of competing DNAs 

in a final volume of 1.5 ml. After a 15 minute incubation at 37 C, 

0.5 ml aliquots, in triplicate, were processed to determine the 

amount of tritiated rat DNA bound by the nonhistones. The greater 

the competition, the greater is the affinity of the competing DNA 

for the nonhistone proteins. 

A. (0) Rat, denatured 

(•) Rat, native 

B. (•) Rat, native 

(0) E. coli 

(A) B. subtilus 

(A) S. typhimurium 

<M) CI. perferingus 

O M. lysodeikticus 

C. (•) Rat DNA 

(A) Salmon DNA 

(A) Bovine DNA 
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Vr^ Values of Various DNAs 

DNA (unlabeled) D (yg/ml) Mole % G-C 

Rat, native 

Rat, denatured 

Bovine 

Salmon 

CI. perferingens 

M. lysodeikticus 

E. coli 

S. typhimuriian 

B. subtilus 

.0.18 

0.50 

0.18 

0.18 

0.71 

1.52 

1.41 

42. 

42. 

41, 

41 

22 

70 

50 

51 

43 

2 

2 

0 

0 

.0 

.0 

.6 

.0 

.0 

The hyperchromicity of all DNAs was 30 percent as expected for 
native DNA duplexes. 

All DNAs were sheared to 300 nucleotide pairs with 0.18 yg/ml of 
labeled rat DNA in the assay mixture. 

D^ is the amount of competitior DNA required to reduce the retention 
of the labeled rat DNA by fifty percent. 

At a mass ratio greater than 20:1, the retention of labeled 
rat DNA was not reduced by 50 percent. 
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±D. order to determine the DNA specificity of the nonhistone. The 

moderately bound nonhistone protein fraction exhibits a threefold 

reduced affinity towards single-strand DNA (Figure 7A, Table 3). The 

D ̂  of each competitor DNA Indicates that the nonhistone proteins have 

a higher affinity for double-strand eukaryotic DNAs (Table 3). Thus, 

a class of nonhistones binds preferentially to native eukaryotic DNA. 

Discussion 

The nonhistones have been implicated as modulators of gene 

transcription (7, 8, 15, 81, 82, 142, 180, 186, 187). A class of non

histones can interact specifically with homologous DNA (102, 105, 

109, 183, 188). Further, the nonhistones have been shown to exhibit 

a preference for repetitive DNA regions of the eukaryotic genome (2, 

166). Other nonhistones have been demonstrated to possess high affinity 

for single-strandAr-T rich DNA in rat liver (185) and for double-strand 

A-T rich satellite DNA in Drosophila melanogaster (31, 96). The non

histones are present in actively transcribed chromatin (88, 192). 

These observations suggest that the nonhistones may have a vital role 

in eukaryotic chromosome structure and function. 

Proteins involved in chromatin function should have an affinity 

for DNA. By correlating the DNA binding properties of a subclass of 

nonhistones with other DNA binding proteins of known biological 

fimctions, it is possible to gain some insight into their possible 

biological roles. The binding characteristics of a class of nonhistone 

proteins shown in this chapter indicate that some of these proteins 

have high affinity for DNA in a species-specific manner. 
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In the experiments reported in this chapter, more than one 

protein species could be binding simultaneously. The number and types 

of binding sites on the DNA have not been determined. The complexity 

of the nonhistone proteins and the total number of DNA binding sites 

make the determination of specific binding sites difficxilt. In order 

to study the nonhistone portelns, the complexity of the nonhistones 

must be decreased and the assay conditions much be determined for 

restriction of low affinity protein-DNA interactions. 

Rat liver nonhistone proteins exhibit a wide distribution of 

polypeptide components (77) . Fractionation of the nonhistones on 

phosphocellulose decreases the complexity of the electrophoretic pattern 

of the nonhistones. Equilibrium binding assays of the nonhistone 

protein fractions indicate that ionic strength affects the binding of 

the moderately bound proteins to DNA. This effect indicates that 

electrostatic forces are involved in the protein-DNA complex formation. 

This same effect has been observed for the lac repressor (156, 157, 

158), and may suggest possible regulatory functions. Kinetic 

dissociation data of the nonhistone protein-DNA complexes indicate 

two types of DNA-binding nonhistones exists low and high affinity. 

The specificity of the moderately bovmd nonhistone proteins 

was determined by equilibrium dissociatica. Native eukaryotic DNAs 

with similar base composition are effective competitors for protein 

binding. Prokaryotic and single-strand DNAs lack the ability to 

compete effectively for these binding Interactions. It can be con

cluded that high affinity protein-DNA interactions can be selected by 
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ion ic s t r e n g t h . Th i s f i n d i n g w i l l permit t h e i s o l a t i o n and 

c h a r a c t e r i z a t i o n of t h e DNA s i t e s involved in t h e nonhistone-DNA com

p l e x . 



CHAPTER IV 

REASSOCIATION KINETICS OF NONHISTONE 

BOUND DNA SEQUENCES 

Introduction 

The molecular structure of chromatin involves the coiling of 

DNA around an octamer of histones into structures called nucleosomes. 

Biochemical evidence suggests that both transcriptionally active and 

inactive regions of the genome are associated with histone aggregates 

into nucleosomes (4, 88, 90, 98, 128). Nuclease digestion studies 

indicate that transcriptionally active and inactive chromatin are 

structurally different (4, 89, 98, 153, 199). Template active chromatin 

contains a subset of nonhistones and acetylated histones (88, 192, 193). 

This observation implies that structural and functional differences 

between template active and inactive chromatin are due to the content 

of the nonhistones and/or the extent of histone acetylation. 

The nonhistones have been implicated to function as genetic 

regulatory elements (12, 15, 109, 110, 146). Whether they do or do not 

has yet to be proven. Proteins Involved in structural and regulatory 

functions must bind to the DNA molecule. The histone complex binds 

randomly and nonspecifically to DNA (181) . This type of binding is 

indicative of structural functions. In contrast, the nonhistone 

proteins exhibit DNA binding specificity. They bind to the major 

groove of the DNA helix. This chapter reports that a class of 

47 
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nonhistones binds preferentially to a subset of repetitive and non-

repetitive DNA sequences. There is an enrichment of repetitive DNA 

sequences over nonrepetitive sequences by nonhistone-DNA interactions. 

Isolation of Nonhistone-Bound DNA Fragments 

The moderately bound nonhistone proteins were isolated as 

described in Chapter 3. This class of phosphobinding nonhistone 

proteins contains two classes of DNA binding proteins: low and high 

affinity. The binding of the protein to the DNA fragments is 

extremely rapid and stable. Protein-DNA titration curves showed that, 

at physiological ionic strengths, nonhistone protein-DNA complex 

formation was linear. This linearity of protein-DNA binding suggests 

one protein binding site per DNA fragment. If the protein-DNA inter

actions are specific, then the distinct DNA sites involved should be 

isolable. Nonhistone bound DNA fragments were isolated from unbound 

DNA fragments by the retention of the protein-DNA complex on membrane 

filters (95, 155, 156, 157). Treatment of the filters with a detergent 

and a proteolytic enzyme (0.1% SDS and 100 yg/ml Pronase) results in 

the release of the protein botind DNA fragments (80, 124). At physio

logical ionic strengths (0.2 M NaCl, 0.04 M phosphate, pH 6.8, 1 x 10~ M 

EDTA, 1 X lO"*̂  M MgCl2, 0.1% BMSH), 20-25 percent of 350 nucleotide 

pair rat DNA is retained by saturating amounts of the moderately bound 

nonhistone proteins. Greater than 95 percent of the protein-bound DNA 

(BDNA) is removed from the membrane filters by SDS treatment. Purified 

bound and unbound DNA fragments were concentrated and retitrated with 

the moderately bound nonhistones (Figure 8) . Greater than 60% of the 



Fig. 8. Protein retitration of DNA sequences bound by the 

nonhistone proteins. Rat DNA of 350 base pairs was saturated with 

the moderately bound nonhistone protein fraction at 37 C in 0.20 M 

NaCl, and 0.04 M phosphate buffer, pH 6.8. The bound DNA (20-25% 

of the input) was separated from unbound DNA sequences by membrane 

filtration. The bound and unbound DNAs were purified and retitrated 

by the nonhistone protein fraction. Increasing amounts of the non

histones were mixed with 2 y g/ml of the bound and unbound tritiated 

DNAs in a total voltime of 1.5 ml. The samples were incubated for 15 

minutes at 37 C and 0.5 ml triplicate samples were filtered over 

nitrocellulose filters. A background of nonspecifically retained 

DNA (4%) has been s.ubtrated from all data points. 

(•) nonhistone bound DNA fragments 

(0) unbound DNA fragments 
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BDNA was retitratable, whereas less than 10% of the unbound DNA 

fraction was bound by nonhistone proteins. At a protein to DNA mass 

ratio of 40:1, there is a threefold increased retention of bound DNA 

over total 350-nucleotide rat DNA (Figure 9) . This study implies 

that a group of high affinity binding sites are selected by the 

moderately bound nonhistones. 

Protein-Bound ECO RI Rat DNA Fragments 

DNA sites which are bound by a class of nonhistone proteins 

can be isolated and characterized by reassociation kinetics. It is 

of interest to determine what type of DNA sequence is bound by the 

nonhistone proteins and to determine the location of these sites in 

the eukaryotic genome. 

A class of nonhistones binds with high affinity to homologous 

DNA. If a specific class of DNA sequences is bound by the nonhistone 

proteins, an increase in the kinetic rate of reassociation should 

occur with respect to the reassociation rate of the rat genomic DNA. 

Nonspecifically bound DNA fragments are representative of the total 

DNA sequence and should exhibit no increased rate of reassociation. 

Enhancement of the reassociation rate is much more noticeable with 

nonrandomly than randomly sheared rat DNA. Nonrandom shearing or 

Eco RI restriction of rat DNA generates distinct fragments which 

contain distinct protein binding sites and sequences, whereas random 

shearing of DNA results in a mixture of DNA sequences within which 

the protein binding site is located (54). The fragment distribution 

of the rat genome after complete Eco RI digestion is shown in Figure 10, 



Fig. 9. Nonhistone protein titration curves for sheared and 

restricted rat DNAs. Increasing amounts of DNA-binding nonhistones 

were mixed with 1 yg/ml of tritiated rat DNA in a total volume of 

2.0 ml. The reaction buffer was 0.20 M NaCl, 0.04 M sodium phos

phate buffer, pH 6.8, lO""̂  M MgCl2, 10~^ M EDTA, and 0.1% BMSH. 

Samples were incubated for 15 minutes at 22 C. Duplicate samples 

were filtered over nitrocellulose membrane filters. The data shown 

represent the average amount of DNA retained on two filters with a 

background of less than 4% : subtracted. 

( ) Eco RI restricted rat DNA 

(0) 350 base pair rat DNA 
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Fig. 10. Eco RI restricted rat DNA. Rat DNA was digested to 

completion with Eco RI (Miles Laboratory) and subjected to 0.8 percent 

agarose gel electrophoresis. Nonhistone protein boufid and unbound 

Eco RI restricted rat DNAs were similarly treated. DNA bands were 

visualized by ethidium bromide—UV flourescent staining. (1) Unre

stricted X DNA, (2) Restricted X DNA, (3) Restricted rat DNA, (4) 

Protein-bound isolated Eco RI restricted rat DNA, (5) Eco RI 

restricted unbound DNA, (6) Whole rat DNA. 
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The calculated mean size of Eco RI restricted rat DNA is 4096 

nucleotides (93) . Two distinct fragments are observed and are 

described by Botchan _et al. (1976) as being 5S DNA. Agarose gel 

electrophoresis of protein bound and unbound DNA fragments indicates 

that no distrinct fragment size is bound by the nonhistones (Figure 10) . 

Thus, protein-bound Eco RI restricted rat DNA (20% of the input DNA) 

can be analyzed only by its reassociation kinetics. 

Kinetic Analysis of Nonhistone-Bound Rat DNA 

The sequence complexity and kinetic rate constant of sheared, 

350 nucleotide rat DNA were determined for the whole rat genome and 

the nonhistone-bovind rat DNA. The reassociation kinetics of the rat 

genome is shown in Figure llA, and is used as a reference for the 

reassociation of the protein-bound DNA sequences. The extent of duplex 

DNA formation was monitored by the retention of duplex DNA on 

hydroxylapatite. The rat genome is characterized by four frequency 

components (89, 149): (1) a rapidly reassociating component, (2) a 

moderately repetitive component with a frequency of 3,000 or more, 

(3) a moderately repetitive component with a repetition frequency of 

2-200, and (4) a nonrepetitive or single copy component (Figure llA, 

Table 4) . Differences in fragment sizes and fitting variations 

due to the scatter in the data points results in variations in the 

kinetic rate constants when compared to published data (29, 89). The 

curve through all data points is the best nonlinear least squares 

computer fit. The best fit analysis as measured by the lowest root 

mean square (rms) was determined for each reassociation curve. Data 



Fig. 11. Reassociation kinetics of 350 nucleotide rat DNA. 

(A) Reassociation profile of total rat DNA. Rat DNA was sheared to 

350 nucleotides, heat denatured, and reassociated. All data points 

were normalized to Cot values expected for 0.12 M PB at 62 C. DNA 

duplexes were assayed by their retention on hydroxylapatite. Three 

sets of data are included: (•) optical density measurements for 

three separate experiments, (0) radioactivity measurements using 

[ H] and [ IJ labeled DNAs. 

(B) Reassociation profile of bound DNA. Twenty percent of Eco RI 

restricted rat DNA was isolated as nonhistone protein bound DNA. 

Bound DNA fragments were sheared to 350 nucleotides, heat denatured, 

and reassociated. The data points shown were from two separate 

experiments:(0 and t). 

(C) Reassociation profile of unbound DNA fragments. Eco RI 

restricted unbound DNA fragments were sheared to 350 nucleotides 

and their reassociation followed by retention of duplexed sequences on 

hydroxylapatite. Data from two experiments are shown (0 and •) . 

(D) Reassociation profile of nonhistone protein bound DNA tracer. 

Tritiated protein boimd DNA was mixed with a 2000-fold excess of 350 

nucleotide total rat DNA. Data points are from two separate experi

ments (0 and • ) . In all experiments (A-D) , the lines drawn through 

the data points represents the best nonlinear least squares fit. 
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points shown were obtained by radioactivity ([\] or ["̂ ^̂ I]) or optical 

density measurements. In vitro labeled DNA samples reassociate to the 

same extent as unlabeled rat DNA samples. The rat genome contains two 

repetitive components of rates k-=4.1 1/mole-sec and k =0.041 1/mole-

sec. The kinetic rate constant of single copy DNA is 3.6 x 10 1/mole-

sec. The kinetic parameters are given in Table 4 with a description of 

the equations employed in the calculations. 

Nonhistone protein bound DNA fragments were isolated at a mass 

ratio of protein to DNA of 5:1. The ratio of protein to DNA was 

obtained from the linear portion of a protein-DNA titration curve 

(Figure 9) . Nonsaturatlng levels of protein were employed in these 

experiments in order to limit the formation of nonspecific protein-

DNA complexes and to favor the formation of specific protein-DNA 

complexes. At this ratio, 20 percent of the input DNA was isolated as 

nonhistone-bound DNA. Protein bound and unboimd DNA fragments were 

purified and sheared in an Aminco French pressure cell to a number 

average double-stranded length of 350 nucleotide pairs, as estimated 

by electron microscopy. Three kinetic components are observed when 

the bound DNA is self reassociated (Figure 4B, Table 1). Forty-five 

percent of the bound DNA reassociates by an equivalent Cot of 

1.0 1/mole-sec. The remainder reassociates by an equivalent Cot of 

10,000. Unreassociated BDNA does not reassociate with the total rat 

genome. Unbound DNA sequences reassociate with nearly identical 

kinetics as those of the rat genome and this reassociation indicates 

that the DNA sequences are not saturated by the nonhistones (Figure IIC, 

Table 4). 
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When BDNA is driven by an excess of the total genomic rat DNA, 

three components are observed (Figure llD). DNA excess reassociation 

allows the determination of the repetition frequency, which aids in 

the identification of repetitive and nonrepetitive components. The 

repetition frequency of the fast component (28.6%) is 11,500 

k of fraction 4.75 
(frequency = = . , \ ^ 

k of single copy 3.6 x 10~^ 

The nonrepetitive component (46%) has a frequency of 1.1 

k of comp. 4.0 X 10"^ 
( : :^ ) . 
k of single copy 3.5 x 10 

The BDNA repetitive component has a repetition frequency which is 

similar, within a factor of two, to that of the total rat genome. The 

very fast component (rapidly reassociating sequences) consists of 20 

percent of the hybridizing sequences and is probably concentrated 

highly repeated or middle repetitive sequences. 

The complexity of each BDNA component indicates that a subset 

of both single copy and repetitive DNA sequences has been obtained by 

nonhistone-DNA interactions. The complexity of the BDNA is 19.7 per

cent of the total rat genome's complexity. This decreased complexity 

Indicates that a fraction of the total rat DNA sequences is 

specifically bound by the nonhistone proteins. Due to the low 

complexity of the repetitive sequences, the complexity of the single-

copy bound component is also 19.7 percent of the complexity of rat 

single-copy DNA. Enrichment of a fraction of the repetitive sequences 
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can be demonstrated by cross-reassociation of excess BDNA with a 

trace amount of labeled rat DNA. At a mass ratio of BDNA (driver) to 

rat DNA (tracer) of 1,000:1, 10 percent of the total tracer reassociated 

before the repetitive Cot of 50 (Table 5) . The amount of duplex 

formation between BDNA and the tracer DNA (column 5) is corrected for 

self-reassociation of the tracer. Therefore, 10 percent of the rat 

genome reassociates with the repetitive component of the nonhistone-

bovind DNA. Approximately a third (0.10/0.30) of the total repetitive 

DNA is bound by the nonhistone proteins. This study Indicates that a 

class of nonhistone proteins binds specificially to a subset of 

repetitive and nonrepetitive sequences. 

Nonspecifically Retained 
DNA Sequences 

A control experiment to show that the isolation procedure does 

not select faster reassociating sequences is shown in Figure 12. At 

a mass ratio of 0.5:1.0, histone to DNA, 20 percent of the rat genome 

(350 base pairs) was isolated as histone bound DNA. The tightly bound 

nonhistones (Chapter 3) were also used to isolate protein bound DNA. 

The reassociation kinetics of nonspecifically bound DNA indicate no 

enrichment of DNA sequences. This data supports the fact that the 

histones and tightly bound nonhistones bind randomly to DNA sequences 

(Table 4). Thus, the filtering technique employed in the isolation of 

nonhistone bound DNA fragments does not cause artifactual increases in 

the rate of DNA reassociation. The nonhistones do, indeed, bind to a 

subset of DNA sequences. 
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TABLE 5 

Hybridization of Total Rat DNA with Excess 
Bound DNA (1:1000) 

Driver Cot 
(boxmd) 

0.001 

0.018 

0.018 

0.051 

0.100 

0.146 

0.741 

15.00 

56.70 

Tracer Cot 
(total) 

1.00 

1.86 

1.86 

5.10 

1.00 

1.46 

7.41 

1.50 

5.67 

X 

X 

X 

X 

X 

X 

X 

X 

X 

io-« 

10-=, 

10-5 

10-5 

10-" 

10-" 

10-" 

10-2 

10-2 

Percent in duplex 

Total Duplex Total-Self 
(obs) (expected) 

21.8 

19.6 

20.2 

23.6 

29.0 

32.3 

33.2 

36.5 

37.1 

9.1 

9.1 

9.1 

9.1 

9.1 

9.1 

9.1 

11.8 

14.9 

Difference 
(amount in 
duplex) 

12.7 

10.5 

11.1 

14.5 

20.9 

20.2 

24.1 

24.7 

22.2 

3 
At a mass ratio of 1000:1 unlabeled protein-bound DNA to total [ H] 

rat DNA, 13 % of the tracer reassociated with the driver bound DNA. 

Tracer self reassociation was determined by incubating the labeled 

total rat DNA with carrier DNA (E. coli) under the same concentrations 

as for the bound DNA driven reassociation (column 4) . The observed 

reassociation (column 3) was corrected for self tracer reassociation 

(column 5) . All DNAs were isolated as restriction fragments (Eco RI), 

then sheared to 350 base pairs. 
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Fig. 12. Reassociation profile of the rat genome. Rat DNA was 

reassociated in 0.05 M, 0.12 M, 0.48 M PB at 56°C, 62°C, 72°C, 

respectively. All data were normalized to 0.12 M PB. The line drawn 

through the data points represents the best computer nonlinear least 

squares fit (Pearson £t̂  al., 1978; Britten et̂  al., 1977). 

(0) Rat DNA untreated, 0.35 kbp 

(•) Rat DNA filtered, 0.35 kbp 

(A) Rat DNA retained on filters by histones or tightly bound 

nonhistones. 
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Reassociation Kinetics of Randomly 
Sheared Rat DNA 

Initial studies, in which Eco RI restricted rat DNA was employed 

as the protein binding substrate, indicated that the nonhistone proteins 

bind to a subset of repetitive and nonrepetitive rat DNA sequences. It 

is of interest to determine whether the nonhistones bind predominantly 

to one or both of the above sequences. The average size of repetitive 

DNA sequences is 350 base pairs. By decreasing the size of the DNA 

fragments employed in the binding interactions to 350 base pairs, it 

is possible to determine the DNA sequence preference of the nonhistone 

proteins. If repetitive DNA sequences are predominately bound by the 

nonhistone proteins, then only repetitive DNA sequences should be 

found in the nonhistone-botmd DNA fraction. At low protein to DNA 

ratios (1:1), 1.8 percent of 350 base pair DNA was bound by the non

histone proteins. Isolated bound DNA sequences were self-reassociated. 

The extent of DNA duplex formation was monitored by retention of the 

duplexes of hydroxylapatite. All data were normalized to conditions 

in 0.18 M sodium ions at 62°C. When compared to an internal standard 

of E. coli DNA, 54 percent of the bound DNA reassociated with complex 

second order kinetics (Figure 13A). Fifty percent of the bound DNA 

reassociated with a rate constant of 1.4 x 10 1/mole-sec, and 14 per

cent reassociated with a rate of 2.7 1/mole-sec (Table 5). A comparison 

of the sequence complexities indicates that 2.5 percent . 

.Zcomplexities of repetitive BDNA ^ ^QQ^ 
^Ecomplexities of total repetitive DNA 

of the total repetitive DNA sequences have been isolated by nonhistone-

DNA interactions. 



Fig. 13. Reassociation kinetics of 350 nucleotide nonhistone 

protein-bound DNA fragments. 

(A) Self reassociation kinetics of 350 nucleotide nonhistone protein 

bound DNA sequences. The data were obtained at various DNA concentra

tions in 0.12 M PB at 62°C. The protein bound DNA was nick translated 

(0). As an internal standard, the reassociation of E. coli DNA (A) 

was monitored by optical density. The Cot 1/2 of E. coli DNA was 

4.2 M-sec. 

(B) Reassociation kinetics of tritiated BDNA tracer. Tritiated 

BDNA was mixed with a 4000-fold excess of 350 nucleotide long rat DNA. 

The data points were obtained at various DNA and phosphate concentra

tions and were normalized to Cot values for 0.12 M PB at 62 C. The 

extent of DNA reassociation was monitored by the retention of 

duplexed DNA molecules on hydroxylapatite. The abscissa refers to 

Cot values of the driver DNA. The line drawn through all data points 

represents the best nonlinear least squares fit. 
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DNA 
Sample 

BDNA 
(1.8) 

BDNA 

TABLE 5 

Kinetic Components of Nonhistone-
(350 base pairs) 

Kinetic 
Components 

Fast 
Intermediate 

1 
2 

rms = 3.3% 

Fast 
Intermediate 
1 
2 

Slow 
rms = 3.1% 

A computer analysis 

Fraction 
of DNA 
Duplexed 

0.155 

0.493 
0.137 

0.166 

0.561 
0.066 
0.206 

of figure 

'5 

0.007 
0.374 

0.037 
3.7 
2154 

Rate^ 
(k) 

143.0 
2.67 

27.0 
0.27 
.00046 

•Bound DNAs 

Kinetic*̂  
Complexity 

3.79 X 10^ 
5.66 X 10 

2.28 X 10^ 
2.72 X 10^ 
4.91 X 10 

d 
Rep. 
Freq. 

58,697 
587 
1.1 

13 was done according to Britten et al.. 

1974. ^Cot, is calculated from a computer analysis of the data. 

^The rate constant is defined as k = - r — . "̂ The average kinetic com-

6 
plexi ty i s r e l a t i v e to E. co l i DNA ( 4.3 x 10 base p a i r s ) . The Cot 

°^ E' c o l i DNA i s 4 .1 M-sec. HFrequency i s defined as 

k of component—^ e ^ ^ ^ ^^^^ ^^^^ square deviation from computer 
k of s ing le copy 

analysis of da t a . ^Nonhistone-bound DNA of 350 base pa i r s was 

reassociated with a 10,000-fold excess of t o t a l r a t DNA. 

V- I 
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Total rat DNA excess-driven hybridizations allowed the 

determination of the repetition frequency of each BDNA component. 

When 350 base pair BDNA is driven by a 10,000 fold excess of rat DNA, 

65 percent of the BDNA reassociates as repetitive DNA and has 

repetition frequencies of 58,700 (56%) and 587 (7%). The remaining 

20 percent of the BDNA reassociates as single copy DNA with a 

repetition frequency of 1.0 (Figure 13B, Table 6) . In the total 

driven reassociation, the rate of the major BDNA component is five

fold faster than that of the driver DNA. This observation indicates 

a fivefold enrichment of repetitive sequences by a class of nonhistone 

DNA binding proteins. 

Discussion 

DNA binding nonhistone proteins have been implicated as 

possible modulators of gene expression. A class of DNA binding noa« 

histones has been shown to interact with repetitive DNA sequencss (166) , 

Due to their preported role In gene regulation, it is of interest to 

determine whether a class of nonhistones docs bind preferentially to 

DNA sequences. This chapter reports that proteln-botmd DHA sequences 

pan be isolated and do contain a subset of rat DNA sequences. 

Proof of specific DNA binding was obtained by isolating the 

nonhistone-bound and unbound DNA fragments and showing by retitration 

that unbound DNA sequences do not contain an appreciable ataibedf of 

binding sites. Reassociation kinetics of nonhistone-botaid WA ftag-

meats (Eco RI) Indicated that the nonhistones bind to a subset of boife 

repetitive and nonrepetitive sequences. By decreasing the DMA fragiaeat 
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size to 350 base pairs, it was possible to show that the nonhistones 

bind predominantly to repetitive DNA sequences. In the total rat 

genome the ratio of repetitive DNA to single copy DNA is 0.5, while 

In the BDNA sample the ratio is 3.2. By calculation, the increase in 

3 2 
repetitive DNA sequences to single copy sequences is sixfold (TT^) • 

Some single copy sequences are still present in the 350 base pair 

BDNA sample, indicating a preference of some nonhistones for single 

copy DNA sequences. Since there is a sixfold enrichment of repetitive 

DNA sequences over single copy sequences, a class of nonhistone proteins 

binds predominantly to a subset of repetitive DNA sequences. 



CHAPTER V 

ANALYSIS OF NONHISTONE-BOUND 

REPETITIVE DNA SEQUENCES 

Introduction 

The characteristics of repetitive sequence organization have 

been measured in the rat genome by use of temperature melting, 

hydroxylapatite binding, and single-strand specific nuclease 

digestion experiments. When 4 kbp DNA fragments are renatured and 

S-1 nuclease digested, two repetitive size fractions are observed. 

Approximately 60 percent of the repeated sequences are 0.2-0.4 kbp 

long. The remainder are longer than 1.5 kbp (149, 203). Temperature 

stability of repetitive DNA duplexes indicate that the 0.2-0.4 kbp 

long DNA sequences are more divergent than the 1.5 kbp long fragments. 

These repeated DNA sequences are interspersed among 2.5 kbp long 

nonrepeated sequences throughout more than 70 percent of the rat genome 

(149). Thus, the organization of rat repetitive DNA sequences is 

similar to that of other eukaryotes (17, 53, 54, 91, 164). This 

organization of repetitive DNA sequences was predicted by Britten and 

Davidson (1969) in a model which suggested that repetitive DNA 

sequences may control the expression of adjacent nonrepetitive DNA 

sequences or genes. Whether this is true has yet to be determined. 

Repetitive DNA sequences consist of families of related 

sequences which vary in repetition frequencies from a few copies to 

71 
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many thousands of copies per genome (20, 27, 50). The relationship 

of the repetition frequency with functional requirements for different 

numbers of copies of different sequences is unknown (27, 107). 

Reassociation kinetics of the different sized fractions of repetitive 

DNA sequences indicate that long and short repetitive DNA elements are 

klnetically similar to the total repetitive rat DNA sequences (149, 

206, 207). There appears to be extensive sequence homology between 

long and short repeated DNA sequences. Short repeated DNA sequences 

are found in the long repetitive DNA fragments (206) . 

The nonhistone proteins bind to repetitive DNA sequences. This 

Interaction is specific. In order to gain an insight into the function 

of these protein-DNA interactions and the active structure of chromatin, 

a knowledge of the properties of the bound DNA sequences must be 

obtained. This chapter describes experiments which measure the amount 

of repetitive DNA bound by the nonhistone proteins. The reassociation 

kinetics, the genomic distribution, and the size distribution of the 

repetitive BDNA sequences are reported. The results Indicate that 

repetitive BDNA sequences belong to the short repetitive sequence 

family, with little homology to the long repetitive sequences. 

Reassociation of Nonhistone-Boimd DNA 

The isolation of both repetitive and adjacent single-copy DNA. 

setpiences can be obtained by using 3.4 kbp DNA fragments as the protein 

binding substrate. At a mass ratio of 1:1 (protein to DNA), five per

cent of the input DNA was isolated as nonhistone protein-bound DNA. 

The reassociation profile of unsheared 3.4 kbp BDNA is shown in 

Figure 14A. Forty percent of the BDNA does not self-reassociate by a 



Fig. 14. Reassociation kinetics of 3400 nucleotide nonhistone 

protein-bound DNA fragments. (A) Reassociation profile of 3400 

nucleotide long bound DNA fragments. Protein-bound DNA (3400 nucleo

tide pairs) was self reassociated and fractionated over hydroxylapatite. 

The best nonlinear least squares fit is shown. Only one component 

is observed in the self reassociation of the long BDNA fragments. 

(B) Reassociation profile of nonhistone protein-bound DNA fragments 

sheared to 350 nucleotide pairs. Protein-bound DNA of 3400 nucleotides 

was sheared to 350 nucleotides. The reassociation of the short BDNA 

fragments was monitored by retention of duplex molecules on hydroxyl

apatite. Computer analysis of the data points resulted in a two 

component fit. 
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Cot of 1000. When unreassociated BDNA sequences are driven by an 

excess of total rat genomic DNA, they reassociate with kinetics similar 

to those of the driver DNA. These sequences are contaminants within 

the BDNA due to the random shearing of the DNA molecules. Thus, 

sequences In high abundance reassociate while those in low abundance 

fail to form duplexes (54) . The high abundant sequences are those 

which are concentrated by protein-DNA interactions. The reassociation 

of 3.4 kbp BDNA fragments is resolved into one kinetic component 

(Figure 14A) . When 3.4 kbp BDNA fragments are sheared to 0.35 kbp, 

the reassociation of the BDNA is resolved into two kinetic components 

(Figure 14B) . The slow component constitutes 25 percent of the total 

BDNA and has a rate constant of 3.4 x 10 1/mole-sec. The fast 

component constitutes 26 percent of the BDNA and has a rate constant 

of 90 1/mole-sec (Table 7) . The nonhistone-bound DNA has a ratio of 

one part fast component to one part slow component. An equal ratio of 

fast repetitive to slow single copy DNA when compared to a 1:2 ratio 

In the rat genome supports previous experiments (Chapter 4) which indi

cated that an enrichment of repetitive DNA sequences has been obtained 

by nonhistone-DNA interactions. 

The nonhistone protein-bound DNA was fractionated into the two 

frequency components observed In Figure 14B. Each DNA component was 

labeled by DNA polymerase I and reassociated with a 10,000 fold excess 

of unlabeled 0.35 kbp total rat DNA. The slow component reassociates 

with the single copy DNA component of the rat genome and is termed 

single copy DNA. The fast component reassociates with complex second-

order kinetics. Two repetitive components are required to fit adequately 
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DNA 
Sample 

BDNA 
(5%) 

BDNA 
(5%) 

Kinetic Components of Nonhistone-
(3400 base pairs) 

Kinetic 
Components 

Fast 
Intermediate 
rms = 2.6% 

Fast 
Intermediate 
Slow 
rms = 2.7%® 

[ A computer analysis 

Fraction 
of DNA 
Duplexed 

0.211 
0.398 

0.15 
0.261 
0.258 

of figure 14 

Cot,^ 

0.45 

0.010 
200.0 

Rate^ 
(k) 

2.23 

97.4 
0.005 

-Bound DNAs 

Kinetic 
Complexity 

1.95 X 10^ 

2.95 X 10^ 
5.57 X 10 

was done according to Britt 

Rep.*̂  
Freq. 

en et al., 

1974. ^The Cot, is calculated from a computer analysis of the data. 

b 1 c 
The rate constant is defined as k = ., ^ . The average kinetic com-

cot. 
^ 6 

plexity is relative to E. coli DNA (4.3 x 10 base pairs). The Cot 

of E. coli DNA is 4.1 M-sec. Frequency is defined as 

k of component—^ e^^ ^ ^^^^ ̂ ^^^ square deviation from computer 
fc of single copy 

analysis of data. ^Nonhistone-bound DNA of 3400 base pairs sheared 

to 350 base pairs. 
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the reassociation of the BDNA tracer (Figure 15) . Forty percent of 

the repetitive tracer reassociates with a rate constant of 28.2 1/mole-

sec. A slower repetitive component of 37.8 percent reassociates with 

a rate constant of 0.0084. The fast repetitive component is predicted 

from the reassociation of BDNA. in Figure 14, but the presence of a 

slower reassociating component is not predicted by the Initial study. 

The BDNA repetitive sequences are klnetically more complex than the 

initial study suggested. In summary, 3.4 kbp BDNA contains repetitive 

sequences adjacent to single copy sequences. 

Interspersion of BDNA Sequences 
in the Rat Genome 

Repetitive DNA sequences are interspersed among nonrepetitive 

sequences in the rat genome. In general, repetitive sequences are 

interspersed with single-copy sequences of 2.5 kbp throughout 70 percent 

of the rat genome (149, 203) . If repetitive DNA sequences are selected 

by the nonhistone proteins, they must exhibit a similar interspersion 

pattern over less of the genome. With nonhistone-bound DNA (3.4 kbp) 

as driver, labeled rat DNA of various lengths was reassociated with 

BDNA to a Cot of 1.0 which is 100 times the Cot, of the repetitive 

bound component (Figure 16). The y-axis represents the amount of the 

DNA at a specific fragment length which reassociates with repetitive 

BDNA. The x-axis represents the fragment length of the labeled tracer 

DNA (52, 149). The intercept on the vertical axis of the line going 

through the points for fragments of 250-1000 nucleotides represents 

the minimum fraction of the nonhistone bound DNA that is driving the 

reassociation (approximately 2.0% of the rat genome). This value is 
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Fig. 15. Reassociation profile of fractionated nonhistone 

bound DNA driven by a vast excess of rat DNA. The fast (t) and slow 

(0) BDNA components of figure 14 were isolated and reassociated with 

a 10,000-fold excess of total rat DNA. The dashed line is the 

reassociation profile of the rat genome as determined by optical 

density measurements. 



Fig. 16. Interspersion analysis of nonhistone-bound DNA sequences. 

Tritiated DNA fragments of various fragment lengths were isolated by 

Agarose A-50 chromatography and alkaline sucrose gradient fractiona

tion. These DNA fragments were reassociated with a 100-1000 fold 

excess of nonhistone-bound DNA sequences to a Cot of 0.5-1.0 M-sec. 

At this Cot all repetitive bound DNA sequences are reassociated. 

Reassociated DNA samples were fractionated by their retention on 

hydroxylapatite. Linear regression analysis was employed on the 

reassociation data of fragments 100 to 1000 nucleotides and fragments 

800 to 12,000 nucleotides. The plotted data and the two linear 

regression lines are shown. 
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consistent with the amount of whole rat repetitive component present 

in sheared 3.4 kbp bound DNA fragments (5% x 0.46 = 2.3%). An 

inflection point in the reassociation of the tracer DNA with BDNA 

occurs at approximately 1.5 kbp. The intercept of the line through 

the data of 1,000-12,000 nucleotide long DNA fragments with the y-axis 

represents the amount of DNA organized in this interspersion pattern 

(approximately 20 percent) . The rising slope of the reassociation of 

the longer fragments implies that longer interspersion patterns exist. 

The scatter of the data points of the longer fragments prevents further 

analysis of the data. In stmmiary, nonhistone-bound repetitive sequences 

are interspersed with single-copy sequences over one-fifth of the rat 

genome, indicating that a subset of repetitive sequences is bound by 

the nonhistones. 

Reassociation Kinetics of 
Repetitive BDNA Sequences 

The isolation of a subset of repetitive DNA sequences can be 

confirmed by cross-reassociation of the isolated whole rat repetitive 

component with excess bound DNA. The repetitive component of the rat 

genome was isolated as that component which reassociates between the 

Cots of 0.01-100.0. Self-reassociation of the isolated repetitive 

component of the rat genome is shown in Figure 17A. The repetitive 

DNA reassociates with the kinetics expected of pure repetitive DNA 

(149, 202, 203). When driven by an excess of total rat DNA, the 

repetitive DNA sequences reassociate with the expected kinetics. 

A trace amount of the tritiated whole repetitive component was 

driven by a 200-fold excess of nonhistone BDNA (Figure 17B). 
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Fig. 17. Reassociation kinetics of repetitive DNA. (A) Reas

sociation of repetitive DNA. Repetitive DNA was isolated by incuba

tion of whole rat DNA to a Cot of 100 followed by fractionation over 

hydroxylapatite. Rapidly reassociating DNA was stripped from the 

repetitive DNA sample. Repetitive DNA was labeled by in vitro nick 

translation. (B) Reassociation kinetics of repetitive DNA driven by 

a 200-fold excess of BDNA. All DNA samples were 0.35 kbp in length. 

Data was obtained in 0.12 M phosphate buffer at 62 C. All data points 

were subjected to computer analysis. 
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Self-reassociation of tracer DNA was subtracted from the observed DNA 

duplexes. Twenty-six percent of the whole repetitive DNA sequences 

reassociated with BDNA driver. Thus, the repetitive BDNA component 

reassociates with approximately 8 percent of the total rat genome 

(30% X 0.26 = 7.8%; % repetitive DNA in rat genome times fraction of 

rat DNA which reassociated with BDNA). 

The Size of BDNA Repetitive Sequences 

The rat genome contains repetitive DNA sequences which are 

greater than 1.5 kbp in length and between 0.2-0.4 kbp in length (149). 

It is of interest to determine whether the nonhistones bind to only 

one or both of the repetitive DNA size classes. As a control experi

ment to show the integrity of the DNA fragment, DNA fragments of 3.4 

kbp were reassociated to a repetitive Cot of 50 and passed over an 

Agarose A-50 column (Figure 18A) . Most of the DNA eluted from the 

column at the void volume. This experiment shows that the integrity 

of the DNA fragment is upheld during the reassociation procedure. Rat 

DNA of 3.4 kbp was reassociated to a repetitive Cot of 50, S-1 

nucleased, and fractionated over an Agarose A-50 column (Figure 18B). 

As reported by Pearson _et_ al. (1978) , 60% of the repetitive DNA 

sequences are 0.2-0.4 kbp in length. The remainder consists of 

sequences which are longer than 1.5 kbp. Nonhistone-bound 3.4 kbp DNA 

fragments were reassociated to a repetitive Cot of 1.0, S-1 nucleased, 

and fractionated over an Agarose A-50 column. Twenty percent of S-1-

digested bound DNA contains repeats which renatured by a Cot of 1.0. 

The size distribution of S-1 resistant duplex bound DNA is shown in 



Fig. 18. Agarose A-50 elution profile of S-1 nucleased repetitive 

DNA duplexes. (A) Control experiment. Rat DNA of 3.4 kbp was 

denatured and reassociated to Cot=50.0. The duplexed DNA fragments 

were isolated by hydroxylapatite chromatography and passed over an 

Agarose A-50 column. All DNA duplexes were greater than 1.5 kbp, 

as expected. (B) Rat DNA of 3.4 kbp was denatured, reassociated to 

a Cot of 50.0, and S-1 nucleased (DIG=0.80). Duplexed DNA fragments 

were obtained by hydroxylapatite chromatography and fractionated 

over an Agarose A-50 column. Sixty percent of the DNA was 0.2 to 0.4 

kbp long. The remaining fourty percent was greater than 1.5 kbp in 

length. DNA fragments of known size were employed in the calibration 

of the column. 
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Figure 19A. Nonhistone-bound DNA contains duplexes of 0.2-0.4 kbp, 

but lacks duplexes which are longer than 1.5 kbp. Unbound DNA sequences 

contain both long and short repetitive elements (Figure 19B). The non

histone proteins bind to a class of short repetitive sequence elements. 

Homology of Repetitive DNA Sequences 

The nonhistone proteins bind to a class of short repetitive 

sequences which are interspersed with nonrepetitive sequences. The 

degree of homology between BDNA repetitive sequences and the long and 

short repeats has been obtained by cross hybridization experiments. 

Long and short repeated sequences are klnetically very similar to total 

rat repetitive DNA (Table 8) . The cross homology between each 

repetitive class is shown by driving the short and long repetitive 

sequences with a vast excess of long repetitive DNA (206, 207) . Each 

repetitive size class reassociated with the other to the same extent, 

indicating that a high degree of homology exists between short and 

long repetitive sequences. When S-1 nuclease resistant BDNA duplexes 

are driven by an excess of long or short repetitive sequences, 35 per

cent of the BDNA reassociated with long repetitive DNA at a rate 

constant of 30.2 1/mole-sec (Figure 20A). A much higher degree of 

homology exists between the short repetitive and the BDNA sequences 

(Figure 20B). Greater than 90 percent of the repetitive BDNA sequences 

reassociated with short repeated DNA. Two kinetic components can be 

fitted to the short repetitive DNA-driven reassociation of the bound 

DNA sequences. Thirty-six percent of the BDNA reassociated with a rate 

constant of 30.95 1/mole-sec, and 48 percent with a rate constant of 



Fig. 19. Agarose A-50 elution profile of repetitive BDNA and 

unbound DNA duplexes. (A) Nonhistone-bound DNA (BDNA) of 3.4 kbp 

was denatured, reassociated to a repetitive Cot of 1.0, and S-1 

nucleased (DIO0.80). Duplexed DNA fragments were isolated by 

hydroxylapatite chromatography and fractionated over Agarose A-50. 

Only one peak of DNA fragments eluted from the column at 0.2-0.4 kbp. 

(B) Unbovind DNA fragments of 3.4 kbp were fractionated over Agarose 

A-50 in a similar as the BDNA fragments. Two peaks of differing 

fragment length were observed. 
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TABLE 8 

Final Frac t ion Unreacted: 0.15 
Goodness of F i t : 3.5% 
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Renaturation of Isolated Repetitive Sequences 
with Excess Whole Rat DNA 

Component Fraction 

Total repetitive DNA/Excess of whole DNA 

1 0.400 

2 0.250 

Final Fraction Unreacted: 0.13 
Goodness of Fit: 3.1% 

Long Repetitive DNA/Excess of whole DNA 

1 0.292 

2 0.321 

Final Fraction Unreacted: 0.12 
Goodness of Fit: 2.2% 

Short Repetitive DNA/Excess of whole DNA 

1 0.158 

2 0.398 

Rate 

3.00 

0.004 

6.60 

10.0 

8.88 

0.21 



Fig. 20. Cross-hybridization of repetitive BDNA with long and 

short repetitive DNA sequences. S-1 nuclease resistant duplexed 

BDNA fragments were reassociated with a 5,000-fold excess of long 

(A) and short (B) repetitive DNA fragments. The extent of duplex 

formation was determined by hydroxylapatite chromatography. Self 

reassociation of labeled tracer DNA did not exceed 2 percent. The 

lines through the points were generated by a nonlinear least squares 

computer analysis. The final extent of the reaction was 45.2% and 

98% with the long and short drivers, respectively. The fraction of 

duplex formation (F) and the rate constants (k), determined by 

computer analysis were: long repetitive DNA driver; F=35.2%, 

k=30.2 1/mole-sec. and short driver; F=35.8%, k=30.9 1/mole-sec 

and F=48.5%, k=0.52 1/mole-sec. The root mean square deviation 

for the long driven reassociation was 3.5% and 4.1% for the short 

driven reassociation. 
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0.52 1/mole-sec. Thus, nonhistone bound DNA sequences exhibit a high 

degree of homology to short, repetitive DNA. 

Discussion 

A class of nonhistone proteins binds to repetitive sequences 

which are interspersed with nonrepetitive sequences throughout 20 

percent of the rat genome. Since these sequences are Interspersed 

throughout less of the rat genome than total repeated DNA, there is 

an enrichment of a class of repetitive DNA families. The binding of 

nonhistones to short, repetitive sequences which are not homologous 

to long repetitive DNA indicates that a. unique class of repetitive 

DNA sequences are bound by the nonhistones. Frequency analysis of the 

repetitive bound DNA sequences indicates that two frequency classes 

of repetitive families are boxmd by the nonhistones; a highly repeated 

family of 58,000 repetition frequency and a low repeat family. 

Polysomal messenger RNA-driven hybridization of single-copy bound 

DNA sequences indicates a fivefold enrichment of transcribed sequences 

(113, 114). Lee's study indicates that the nonhistone proteins bind 

to repetitive DNA sequences which are located adjacent to actively 

transcribed genes. This suggests that a class of nonhistone proteins 

may bind to transcriptional regulatory elements. 



CHAPTER VI 

CONCLUSION 

A class of rat liver phosphobinding nonhistones binds to a 

subset of short repetitive DNA sequences adjacent to nonrepeated DNA 

sequences. This class of proteins is heterogeneous, consisting of 

twenty to one hundred proteins which bind to DNA at physiological ionic 

strengths. Since there are at least twenty nonhistones in this fraction, 

at least twenty repetitive sequences should be bound by the nonhistones. 

Chemical and kinetic analysis of nonhistone-boxmd DNA sequences indicates 

that 6-13 highly repeated families and 160-190 moderately repeated 

families are isolated by nonhistone-DNA interactions. With over two 

hundred different repetitive families isolated, it is probable that 

several families share a common recognition site for nonhistone proteins. 

The possible biological functions of two classes of repetitive 

DNA sequences can be explained as follows. Nonhistone binding to highly 

repeated DNA sequences implies a possible role in chromosome morphology. 

This statement is supported by the binding of nonhistone proteins 

(scaffolding proteins) to highly repetitive DNA sequences which function 

in the maintenance of the morphology of metaphase chromosomes (22) . The 

moderately bound DNA sequences may function as regulatory elements. 

These sequences are short and are interspersed with actively transcribed 

nonrepetitive DNA sequences. The location of repeated DNA sequences 

adjacent to transcribed nonrepeated sequences implies the possible 

93 



i 

94 

regulation of transcription by these sequences (25). This phenomenon 

I of repeated sequences serves as a basis for Davidson and Britten's 

recent model of gene regulation (51) . This model proposes that 

repeated DNA sequences act as integrator units or as constitutive 

units. These Integrator and constitutive units form RNA-RNA duplexes. 

The formation of these duplexes is required for the survival and 

processing of the cell-specific mBNAs (51). Thus, these nonhistone-

bound repetitive sequences may be involved in the processing of mBNA. 

Some of these repetitive bound sequences may act as transposons, such 

as those in the Drosophila genome (70) . They may function in the 

relocation and possible change in the genetic expression of adjacent 

genes. Some nonhistone-bound repetitive DNA sequences are located 

within the introns of the rat serum albumin gene and the spacer region 

of the rat ribosomal gene (xmpublished results). 

Future Investigations of these nonhistone-bound repetitive DNA 

sequences may shed some light onto the actual function of nonhistone-

• DNA interactions. Further study of these sequences will require the 

use of clonal technology. So far, nineteen repetitive clones of the 

nonhistone-bound DNA sequences have been isolated and grouped into 

probable frequency classes (unpublished results). Thirteen of these 

clones are repeated low to moderately in the rat genome. The remaining 

clones are highly repeated as determined by Southern blot analysis. 

The exact repetition frequency can be determined by kinetic analysis. 

Cloned nonhistone-bound repetitive DNA sequences can be employed in the 

isolation of the nonhistones which bind to them, allowing the probable 

elucidation of the true function of individual nonhistone protein-DNA 

Interactions. 
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