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Chromatin DNA sequences intimately associated with the "core"

of the basic, repeating chromatin subunit are shown to be relatively

resistant to digestion by micrococcal nuclease. Chromatin DNA

sequences lying between adjacent chromatin subunits, as well as

DNA sequences in regions of chromatin which are free of chromatin

subunits, are subject to micrococcal nuclease digestion. Thus, the

susceptibility of a given sequence of chromatin DNA to nuclease

digestion is dependent upon the structural features of the chromatin in

which it is located. Nuclease digestion of chromatin is used, together

with nucleic acid hybridization, to determine the nuclease-

susceptibility of DNA sequences complementary to those of the RNA

tumor viruses integrated into the genomes of normal and virus-infected

cells. The susceptibility of a given DNA sequence to nuclease diges-

tion is taken to reflect the structure of the region of chromatin in

which it is located. By selecting cells in which the virus-specific

DNA sequences were present in different states of transcriptional



activity, it was possible to determine if differences exist between

transcriptionally- active and inactive regions of chromatin.

Evidence is presented to demonstrate that the transcriptionally

inactive, endogenous, viral DNA sequences in normal chicken erythro-

cytes are equally susceptible to micrococcal nuclease digestion as are

the bulk of the transcriptionally inactive cellular DNA sequences. At

the same time, the transcriptionally active viral DNA sequences in

leukemic myeloblasts are shown to be more susceptible to micrococcal

nuclease digestion than the bulk of the transcriptionally inactive DNA

sequences in this cell. The greater nuclease-susceptibility of the

viral DNA sequences in leukemic myeloblasts is thought to reflect

the different structural organization of that region of chromatin in

which they are located.

The results reported here demonstrate that structural differ-

ences exist between transcriptionally active and inactive regions of

chromatin. As a result, support is given to the concept that the

structural organization of eucaryotic chromatin may be involved in

the regulation of selective gene expression.
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CHROMATIN STRUCTURE: POSSIBLE REGULATORY
ROLE IN GENE EXPRESSION

INTRODUCTION

Eucaryotic chromatin is composed of three major components:

DNA, his tones, and a heterogenous group of acidic proteins known

collectively as non -his tones. Tremendous advances have been made

in recent years toward an understanding of how two of these com-

ponents, the DNA and his tones, interact with one another to form the

basic structural unit of chromatin. As a result of this work it is now

known that chromatin consists of a series of repeating subunits.

Each subunit exists as a complex of eight histones and approxi-

mately 140 base pairs of DNA. Adjacent chromatin subunits on the

continuous double-stranded DNA molecule are connected by shorter

lengths of DNA (approximately 40 base pairs) which are not asso-

ciated as intimately with the histones as the subunit DNA itself. The

length of DNA associated with each subunit has been shown to be com-

pacted several-fold. Therefore, this type of structural organization

of chromatin provides for the "packaging" of a very large eucaryotic

genome into a relatively small space, the nucleus of a eucaryotic

cell. In addition to providing the cell with a packaging mechanism,

it seems likely that the structural organization of chromatin might be

involved in other cellular processes such as the selective
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transcription of the cell's genome. It has recently become possible

to test the intriguing possibility that the basis for the regulation of

transcription of the eucaryotic genome might lie in the structural

features of chromatin. Experiments of this nature have become

possible as a result of our newly acquired understanding of the basic

structural features of chromatin and recently developed nucleic acid

hybridization techniques which have sufficient sensitivity to detect

single-copy DNA sequences present in the eucaryotic genome.

The Structural Organization of Chromatin

One approach to the study of chromatin structure has involved

the digestion of chromatin by either endogenous or experimentally

applied nucleases. Early work of this type revealed that not all of

the chromatin DNA was accessible to nuclease action (Mirsky, 1971).

For example, only approximately 50% of chicken erythrocyte

chromatin DNA was solubilized by micrococcal nuclease (Clark and

Felsenfeld, 1971), The protection of a fraction of the DNA in

chromatin from nuclease digestion was attributed to the association

of histones with that DNA. Addition of histones to chromatin prepara-

tions reduced the susceptibility of the DNA to nuclease digestion while

removal of his tones from chromatin increased the fraction of the DNA

that was solubilized (Billing and Bonner, 1972; Mirsky, 1972). In

1972, Rill and Van Ho lde reported the characterization of
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micrococcal nuclease- resistant fragments of calf thymus chromatin

(Rill and Van Ho lde, 1972). They found that the nuclease resistant

fragments consisted of approximately 1.85 mg protein per mg of

DNA. In addition, on the basis of circular dichroism and sedimenta-

tion velocity measurements, they concluded that the DNA was held in

a compact, perhaps superhelical configuration in these fragments.

This work was later extended (Sahasrabuddhe and Van Ho lde, 1973) to

show that upon trypsin digestion of these compact nucleoprotein par-

ticles, they seemed to unfold to some degree and the circular

dichroism spectrum became much more like that of native DNA.

At this same time, Hewish and Burgoyne reported the results

of a type of experiment which was to offer the most conclusive evi-

dence to date in support of a subunit structure of chromatin. They

analyzed the size and distribution of the nuclease-resistant DNA

fragments resulting from the in situ digestion of rat liver nuclei by

endogenous Ca++ and Mg++ dependent endonuclease (Hewish and

Burgoyne, 1973). They found that instead of generating a series of

randomly-sized DNA fragments, the digestion resulted in a series of

DNA fragments which differed in size by multiples of approximately

ZOO base pairs. The nuclease had apparently cleaved the chromatin

DNA at only very well-defined, evenly-spaced intervals. The regu-

larity of these nuclease-susceptible sites on the chromatin DNA was
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thought to reflect the regularity in the pattern of protein bound to the

DNA (Burgoyne et al., 1974).

As a result of the previously mentioned work, the concept of a

regular, repeating unit forming the basis for the structural organiza-

tion of chromatin was firmly established. Soon after the work of

Hewish and Burgoyne had been reported, models for the structure of

chromatin were proposed by both Van Holde et al. (1974a) and

Kornberg (1974b). Kornberg noted that eucaryotic chromatin con-

tained almost equal weights of histones and DNA, corresponding to

approximately four his tone molecules per 100 base pairs of DNA. In

addition, he reported that specific oligomers of histones formed in

solution and that four of the five classes of his tones (excluding H1)

were necessary for X-ray diffraction patterns to reveal a regular,

repeating structure along a chromatin fiber (Kornberg, 1974a).

These observations, along with the work of Hewish and Burgoyne,

led Kornberg to postulate that chromatin consisted of a series of

repeating units, each containing two of histones H2a, H2b, H3 and H4

along with approximately 200 base pairs of DNA.

A more detailed hypothesis of the structure of the chromatin

subunit was proposed by Van Holde et al. (1974a). In this model,

eight histones (two each of H2a, H2b, H3 and H4) were proposed to

interact with one another in a very specific manner through very

hydrophobic regions of the molceules to form a well-defined protein
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core. The DNA was thought to be wrapped around this protein core

and held in place through interactions with the free, basic, N-

terminal ends of the histones. The N-terminal ends of the his tones

were thought to interact with the major groove of the DNA and render

the DNA inaccessible to nucleases in addition to holding it on the core.

This model had the attractive feature of arranging the DNA on the

surface of a his tone core in such a way that sharp bends in the DNA

were not necessary to package it into a compact subunit. Reports of

the specific interactions between his tones in solution (D'Anna and

Isenberg, 1974; Kornberg, 1974a; Thomas and Kornberg, 1974) as

well as reports of the cross-linking of specific his tone -pairs in

chromatin using formaldehyde (Van Lente et al., 1975) or tetranitro-

methane (Martinson and McCarthy, 1975) support the concept of a

central his tone core in the chromatin subunit.

Both of the above models explain the nuclease digestion results

of Hewish and Burgoyne. In addition several other types of observa-

tions were explainable in terms of these models. Even before the

models had been proposed, Olins and Olins had reported the visualiza-

tion of "beaded fibers" in the electron micrographs of swollen, burst

eucaryotic nuclei (Olins and Olins, 1974). Each bead, or v-body, had

an average diameter of about 83 -4: 23 A.. Van Holde et al. (1974b)

examined the nuclease-resistant fragments of calf thymus chromatin

by electron microscopy and found similar spherical objects measuring
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74 A 20 X in diameter. They also saw some particles which had

20 X. thick "tails" associated with them, and some "doublet" particles

which appeared to be joined by these thinner fibers. These observa-

tions led them to propose that each compact, nucleoprotein subunit

was joined to its neighboring subunits by a short stretch of DNA

(spacer DNA) which was not itself an integral part of the subunit.

More recently, other electron microscopic studies of chromatin have

resulted in additional evidence in support of these models (Langmore

and Woo ley, 1975; Oudet et al., 1975; Senior et al., 1975).

More detailed analysis of the size and distribution of the DNA

fragments generated by the digestion of chromatin by micrococcal

nuclease has resulted in even more details concerning the structure of

the chromatin subunit. By analyzing the size of the DNA fragments

resulting from varying degrees of digestion of chicken erythrocyte

chromatin by micrococcal nuclease, Shaw et al. have shown that the

size of the DNA fragments contained in individual chromatin subunits

(monomers), as well as the fragments released from two or more

subunits still joined together (dimers, trimers, etc.) decreases with

increasing digestion time (Shaw et al., 1975). The size of the dimers,

trimers, etc. appear to reach limiting sizes after extensive digestion.

The monomer DNA fragment is slowly reduced into a series of

smaller, sub-monomer fragments upon extensive digestion. The

gradual decrease in the size of the DNA fragments at early digestion
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times is thought to reflect the presence of "spacer" DNA which

separates adjacent subunits. The initial cleavage sites in the

chromatin are thought to occur at random in the spacer DNA regions.

Following the initial cleavages which result in the release of

chromatin fragments which are approximate multiples of a unit size,

the spacer DNAs remaining attached to the extremities of the frag-

ments are quickly digested, leaving only "core particles, " or "cores"

joined by internal spacers. By extrapolating the sizes of the various

DNA fragments back to zero digestion time, it was possible to esti-

mate the size of the spacer DNA. On the basis of this type of experi-

ment it was concluded that the chicken erythrocyte chromatin con-

sisted of core particles containing approximately 140 base pairs of

DNA, separated by spacers consisting of approximately 40 base pairs.

Therefore, the overall repeating unit in chicken erythrocyte chroma-

tin was estimated to be approximately 180 base pairs. Other groups

have reported repeating units similar to (Axel, 1975; So llner-Webb

and Felsenfeld, 1975), or somewhat larger than (Noll, 1974; Finch

et al., 1976) those reported by Shaw et al.

In addition to studies involving the digestion of chromatin only

by nucleases, combinations of nuclease and protease digestions of

chromatin have proved useful. Weintraub and Van Lente have shown

that only about 20-30 amino acids on the N-terminal ends of the

histones in the chromatin subunits are susceptible to digestion by
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trypsin (Weintraub and Van Lente, 1974). Removal of the DNA from

the subunit did not increase the susceptibility of the histones to tryp-

sin, whereas exposure of the subunits to 6 M urea drastically

increased their susceptibility. The DNA of the subunit was much

more susceptible to micrococcal nuclease following brief trypsin-

treatment of the subunits. These results are again consistent with

the concept of a subunit in which the DNA is wrapped around a central

protein core. Further work by Weintraub (1975) has shown that

trypsin treatment of nuclease-resistant chromatin subunits results

in the release of several DNA fragments that are no longer asso-

ciated with protein. These protein-free DNA fragments are thought

to have been associated with the N-terminal ends of the his tones

which were susceptible to trypsin-treatment. These experiments,

along with similar work by Axel et al. (1974) are beginning to provide

some insight into the specific points of interaction between the

individual his tones and the core DNA fragments.

His tones H1 and H5 have been shown to be associated with the

spacer DNA regions of chromatin (Shaw et al., 1976). In this posi-

tion, they have been postulated to be involved in the condensation of

chromatin in preparation for cell division (Mirsky et al., 1968;

Bradbury et al., 1973). They also provide the spacer DNA with some

limited protection from nuclease digestion. It has been shown that

micrococcal nuclease digestion of chromatin that has been depleted of
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H1 and H5 proceeds faster than the digestion of native chromatin

(T. Herman and K. Tatchell, unpublished results). In addition, the

only well-defined product from the digestion of H1- and H5-depleted

chromatin is a DNA fragment measuring 140 base pairs in length.

DNA fragments representing approximate multiples of 180 base pairs

are not seen. Therefore, these results also confirm the core -s pacer

concept of chromatin structure in which his tones H1 and H5 are

thought to be associated with the spacer DNA regions. A schematic

illustration of this concept of the structure of chromatin is presented

in Figure 1.

Relationship between Chromatin
Structure and Transcription

As early as 1950, Stedman and Stedman (1950) suggested that

his tones might function as gene repressors. They proposed that a

DNA sequence might be incapable of serving as a template for RNA

synthesis as a result of the his tones which were bound to it. The

first experimental evidence in support of this hypothesis appeared in

1962. Huang and Bonner (1962) showed that pea embryo chromatin

was a much poorer template for RNA-transcription than was the same

chromatin which had been depleted of some of its his tones. This

observation was soon confirmed by others (Koslow and Georgiev,

1970; Spelsberg and Hnilica, 1971). More recently, the work of
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contains 8 histones
plus 140 base pairs DNA
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Figure 1. Schematic drawing of the subunit structure of chicken erythrocyte chromatin. Histones

HI and H5 (not shown) are thought to be associated primarily with the spacer DNA regions.

The overall repeating unit of DNA in chicken erythrocyte chromatin is estimated to be

180 base pairs.

c:)
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Axel et al. (1973a) and Cedar and Felsenfeld (1973) has shown that the

reduced template activity of chromatin is due primarily to a reduction

in the number of RNA-polymerase binding sites as a result of the

histone-DNA interactions. They found that the number of initiation

sites on chromatin was only one-tenth the number present on DNA

prepared from the same chromatin source. Therefore, the concept of

histones acting as general gene repressors seemed to be well-founded.

Since only a small fraction of a eucaryotic cell's genome, 5- 10 %, is

being expressed at any given time (McCarthy et al., 1973), it seemed

reasonable that the 90-95% of the cell's transcriptionally inactive

DNA might be complexed with histones while the remaining 5-10% of

the DNA would be left unbound and available as a template for trans-

cription. This idea was especially attractive in view of reports by

both Varshaysky et al. (1974) and Oudet et al. (1975) that stretches of

protein-free DNA existed in chromatin. This "free" DNA seemed like

a good candidate for the transcriptionally active component of

chromatin.

The results of even more definitive experiments were soon

reported which clearly demonstrated that the arrangement of the

histones on chromatin DNA restricted the transcription of the

chromatin in a very specific manner. Axel et al. (1973b) showed that

the in vitro transcription of duck reticulocyte chromatin, which con-

tained a transcriptionally active hemoglobin gene, resulted in the
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synthesis of detectable amounts of globin messenger-RNA. On the

other hand, detectable amounts of globin messenger RNA were not

transcribed in vitro from duck reticulocyte chromatin which had been

stripped of its his tones, or from the chromatin of a cell which did not

normally express the hemaglobin gene. These results strongly

implicate the chromosomal proteins in the specific restriction of the

chromatin template activity.

Although it was becoming increasingly clear that his tones could

specifically control what portion of a genome was to be expressed,

the precise structural differences between transcriptionally active

and inactive regions of chromatin were not known. A number of

experiments were soon done which indicated the simplest possible

difference, that of transcriptionally inactive genes being "packaged"

into the subunit structure of chromatin while transcriptionally active

genes were left completely free of his tones, was not plaus ible. Axel

et al. (1975) extended their previous work by isolating both the

"open, " or his tone-free DNA, and the "closed, " or histone-bound

DNA, from duck reticulocyte chromatin. They reasoned that if the

transcriptionally active DNA sequences, such as the globin sequences

of the duck reticulocytes, were not bound by his tones, then all of

these sequences should be present only in the open-DNA fraction.

By hybridizing both the open- and closed-DNA fractions with
3H-

labeled, complementary globin-DNA, they found that globin DNA
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sequences were present in both DNA fractions. In addition, their

data showed that a small fraction of the globin gene (20%) was found

exclusively in the closed-DNA fraction. Additional work by Lacy and

Axel (1975) and Kuo et al. (1975) has confirmed this work by showing

that the DNA isolated from nuclease-resistant chromatin subunits

will hybridize with messenger-RNA isolated from the same cells

from which the chromatin was prepared.

The previous results suggested that the transcriptionally active

DNA sequences in chromatin were not completely free of protein.

The next question that was asked concerned the exact nature of the

protein-DNA interactions in the transcriptionally active fraction of

chromatin. In particular, was the structure of the transcriptionally

active regions any different from the structure of the transcriptionally

inactive regions ? This question was addressed by Foe et al. (1976)

in experiments in which transcriptionally active regions of the

chromatin were visualized by electron microscopy. These trans-

criptionally active regions, referred to as transcription units,

appeared as chromatin-associated fiber arrays in which progressively

longer fibers, identified as nascent RNA strands, could be seen

extending laterally from the underlying chromatin fiber. The trans-

cription units appeared to have very well-defined initiation and

termination points. In some cases, the transcription units could be

identified as being ribosomal-RNA genes on the basis of their length
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and tandemly repeating nature. Of particular interest was the

nature of the chromatin fiber from which the RNA was being trans-

cribed. Foe et al. (1976) found that the same beaded-morphology

which was observable in the case of transcriptionally inactive regions

of the chromatin and attributable to the subunit organization of

chromatin, was present also on the chromatin fibers comprising the

non-ribosomal transcription units. This result would seem to sug-

gest that transcriptionally active chromatin is "packaged" in the

same way as transcriptionally inactive chromatin. However, it is

equally interesting to note that in the case of ribosomal-RNA trans-

cription units, the beaded morphology of the chromatin fiber which

was present on adjacent chromatin fibers, was absent from the

ribosomal transcription unit. A smooth chromatin fiber was observed

instead. The thickness of the smooth, ribosomal chromatin fiber

was 75 X as compared to a thickness of approximately 25 X for

naked DNA. Therefore, it appeared that some protein was associated

with this fiber even though it did not exhibit the characteristic

beaded-morphology seen in other regions of the chromatin.

If there is a difference between transcriptionally active and

inactive regions of chromatin, either in terms of protein composition

or the resulting structure of the nucleoprotein complex, then it should

be possible to exploit these differences to fractionate chromatin into

its transcriptionally active and inactive components. The first
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successful attempts to fractionate chromatin in this way were made

in the early 1960's (Frens ter et al., 1963; Littau et al., 1964). In

these studies, the dense heterochromatin, which is transcriptionally

inactive, was separated from the less dense, transcriptionally

active euchromatin by differential centrifugation following brief

sonication of the chromatin. Since these early studies, many other

techniques have been used to isolate transcriptionally active chroma-

tin. Most of these techniques involve shearing the chromatin by

sonication or mechanical shearing procedures followed by fractiona-

tion of the sheared chromatin on the basis of its hydrodynamic

properties (Chalkley and Jensen, 1968; Murphy et al., 1973;

Berkowitz and Doty, 1975; Doenecke and McCarthy, 1975), electro-

static properties (Simpson and Reeck, 1973), or by its binding proper-

ties to hydroxyapatite (McConaughy and McCarthy, 1972). Fractions

have been obtained which appear to have different template activities

as well as different protein composition (Frenster et al., 1973; Stein

et al., 1974). In general, however, most of these procedures have

not proven to be very satisfactory.

One fractionation approach which seems to be the most promis-

ing was developed by Gottesfeld et al. (1974). This procedure

involves the brief digestion of isolated chromatin by DNase II,

followed by fractionation of the chromatin on the basis of its solubility

in 2 mM MgC12. The chromatin remaining soluble in 2 mM MgC12
has
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been shown to possess many of the properties expected of transcrip-

tionally active chromatin. It seems to be depleted of his tones while

at the same time it contains many more non -his tone proteins

(Gottesfeld et al., 1975). In addition, the DNA sequences in this

fraction represent a specific subset of the total genome DNA and is

enriched for those sequences coding for messenger-RNA.

The results of the various attempts to fractionate chromatin into

its transcriptionally active and inactive components suggest that

structural differences may exist between these two regions of

chromatin. The work presented in this thesis was done to further

elucidate the nature of these differences.

Description of Problem

The work described in this thesis represents an attempt to

determine if structural differences exist between transcriptionally

active and inactive regions of chromatin. If structural differences

between these two functionally distinct regions of chromatin could be

demons trated, support would be given to the notion that the structural

organization of chromatin may serve as one of several levels of

control of the selective transcription of the eucaryotic genome. The

general experimental approach that was taken to search for these

putative differences is described below.
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The susceptibility of any given DNA sequence to digestion by

an experimentally applied nuclease reflects the structural features of

that region of chromatin which contains the DNA sequence. For

example, approximately 90% of the DNA of a eucaryotic cell is

transcriptionally inactive and is organized into a series of repeating

chromatin subunits. Therefore, upon nuclease-digestion of chroma-

tin, the concentration of any specific, transcriptionally inactive DNA

sequence relative to all other DNA sequences should remain approxi-

mately constant throughout the digestion. That is, the rate of diges-

tion of any specific, transcriptionally inactive DNA sequence would

be expected to be proportional to the rate of digestion of the bulk of

the chromatin DNA. Alternatively, any large change in the relative

concentration of a given DNA sequence during nuclease digestion of

the chromatin would suggest that the sequence was in a region of

chromatin that was structurally different from that of the bulk of the

chromatin. An increase in the relative concentration of a given

sequence would suggest a structure which was less susceptible to

nuclease digestion than most of the DNA sequences in the chromatin,

while a decrease in the relative concentration would suggest a struc-

ture organization which was more susceptible to digestion.

In these studies, the specific DNA sequences that were moni-

tored throughout the nuclease digestion of chromatin were those

complementary to the genomes of two avian RNA tumor viruses,
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Rous-associated virus-0 (RAV -O) and avian myeloblastosis virus

(AMV). Nuclei from cells containing these sequences in different

states of transcriptional activity were digested and the relative

concentration of the virus-specific sequences in the nuclease -

resistant DNA was determined by sensitive hybridization techniques.

There are many advantages in using the integrated RNA tumor

virus sequences as specific gene markers in these experiments. The

genome of the RNA tumor viruses is made up of single-stranded RNA

(Temin, 1971). DNA sequences complementary to the genomes of

these viruses can be easily introduced into the genome of a host cell

as a result of virus infection (Shoyab et al., 1974a; Varmus et al.,

1974). Shortly after infection of a suitable host cell by the virus, the

single-stranded RNA genome is used as a template by the virion's

"reverse transcriptase" for the synthesis of a DNA copy of the RNA

genome (Garapin et al., 1970; Spiegelman et al., 1970). This DNA

copy is converted to a double-stranded DNA (provirus DNA) which is

then integrated into the genome of the host cell. Proviral DNA

sequences may exist in an unexpressed state, or they may be actively

transcribed into messenger RNA. It is therefore possible to obtain

chromatin from cells which contain the proviral DNA sequences in

various states of transcriptional activity. In addition, it is also

possible to prepare specific, radioactive "probes" (DNA or RNA) that

are complementary to one of the integrated proviral sequences
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which can be used in hybridization experiments to detect proviral

sequences present in the eucaryotic genome.

In the experiments reported here, the endogenous RAV -O pro-

viral DNA sequences are examples of a specific transcriptionally

inactive DNA sequence. These sequences have been detected by

various hybridization techniques in virtually all avian cells (Baluda,

1972;. Neiman, 1973; Tereba et al., 1975; Rosenthal et al 1971).

In particular, RAV-0 sequences have been shown to be evenly

distributed throughout many tissues in normal uninfected chickens

(Baluda and Drohan, 1972). The origin of these sequences, and

the reason for them having been conserved in normal, apparently

healthy chickens, is not known. The endogenous RAV-0 sequences

have been shown to be transcriptionally inactive on the basis of the

absence of both virus-specific RNA and viral proteins in the cells

containing these sequences (Chen et al., 1974).

On the other hand, the avian myeloblastosis virus sequences

which are integrated into the genome of an infected myeloblast (an

immature white blood cell) provide a good example of transcrip-

tionally active viral sequences (Shoyab et al., 1974b). The myelo-

blast represents the primary target cell of AMV. This cell is

"transformed" into a leukemic cell as a result of the infection and

constantly releases new virus particles. Therefore, the AMV

sequences present in leukemic myeloblasts differ from the endogenous
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RAV -O sequences present in all avian cells in that they are being

actively transcribed. Therefore, by comparing the nuclease-

susceptibility of these two proviral sequences, inferences could be

made concerning the structural organization of the regions of chroma-

tin in which they were located. As will be shown, the results of

this study offer strong evidence in support of the concept that the

structural organization of chromatin is involved in the regulation of

gene expression in eucaryotes. It is hoped that these results will

prove to be a significant contribution to one of the most puzzling

problems facing molecular biologists today--how a eucaryotic

organism is able to control the expression of only a very small, very

specific fraction of its enormously large genome.
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MATERIALS AND METHODS

Isolation and Digestion of
Erythrocyte Nuclei

Erythrocytes were obtained by bleeding adult chickens by

cardiac puncture using heparin as an anticoagulant (1000 units per

10 ml blood). After centrifugation of the whole blood at 3000 x g for

10 min, the plasma and buffy coat were removed. The erythrocytes

were washed twice with 1 x SSC (0.15 N NaC1, 0.015 N Na citrate,

pH 7.2) and frozen at -60°C. The frozen erythrocytes were thawed

at 37°C in an equal volume of 1 x SSC and centrifuged at 3000 x g for

10 min. The nuclear pellet was resuspended in 0.25% Nonidet P-40

(Shell) in 1 x SSC and held on ice for 10 min. In some experiments,

1 mM phenylmethane sulfonyl fluoride (Sigma) was added to the SSC

buffer to inhibit protease activity. The nuclei were repelleted,

washed once with SSC and resuspended in 0.3 M sucrose, 0.75 mM

CaCl2, 10 mM Tris HC1, pH 7.2 at a concentration of 2 x 108 nuclei

per ml. Digestion of the erythrocyte nuclei by micrococcal nuclease

(Worthington) was carried out at 37°C with 125 units per ml of nuclei

suspension. The digestion was terminated by making the solution

10 mM in EDTA, 0.15 M NaC1, and 1% sodium dodecyl sulfate (SDS).

DNA was extracted by an SDS-phenol procedure (Kirby, 1965) follow-

ing pronase treatment (0.5 mg /ml) for 4 hr at 37oC. Suspensions of
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undigested nuclei were homogenized briefly (30 sec at medium speed,

Virtis "45" homogenizer) to reduce the viscosity of the solution and

aid in the DNA-extraction procedure. Following phenol-extraction,

the DNA was extracted three times with equal volumes of ether, and

then precipitated overnight at -20°C with one-tenth volume 20% Na

acetate, pH 4.8 and two volumes of 95% ethanol.

Isolation and Digestion
of Myeloblast Nuclei

One-day old chicks were inoculated intravenously with 1010 to

1011 avian myeloblastosis virus particles.
Approximately 10 to 15

days later, blood was collected by cardiac puncture from those

chicks which were shown to have a high number of immature leuko-

cytes (myeloblasts) circulating in their peripheral blood. Upon

centrifugation of the blood at 3000 x g for 10 min, the myeloblasts

sedimented as a distinct band of cells on top of the more dense

erythrocytes (Figure 24). The myeloblasts were removed, washed

twice with 1 x SSC and frozen at -60°C until needed. The myeloblasts

were thawed at 37°C in an equal volume if isotonic saline (0. 15 M

NaC1, 10 mM Tris, pH 7.2) containing 3 mM CaCl2. After centrifuga-

tion the nuclear pellet was suspended in 0.25% Nonidet P-40 in

isotonic saline-Ca++ buffer and incubated for 10 min on ice. The

nuclei were repelleted, washed once with isotonic saline-Ca++ buffer,
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and resuspended in 0.3 M sucrose, 0.75 mM CaCl2, and 10 mM Tris

HCI, pH 7,2 at a concentration of 2 x 108 nuclei per ml. From this

point, the digestion of myeloblast nuclei was done in the same way as

outlined for erythrocyte nuclei.

Digestion of Nuclei with DNase I

Erythrocyte and myeloblast nuclei were prepared for DNase I

digestion as outlined previously. Following the last washing step, the

nuclei were resuspended in 0.3 M sucrose, 0.5 mM MgCl2, 10 mM

Tris HC1, pH 7.2 at a concentration of 2 x 108 nuclei per ml. Diges-

tion of the nuclei by DNase I (Worthington) was carried out at 37°C

with 100 units per ml of nuclei suspension. The reaction was

terminated and the DNA was extracted as outlined in the procedure

for the micrococcal nuclease digestion of erythrocyte nuclei.

Determination of Kinetics of
Digestion Reaction

The kinetics of the digestion reactions were determined by meas-

uring the percentage of the chromatin DNA soluble in 0.2 N perchloric

acid at various times during the reaction. This procedure was based

on the Schmidt-Thannhauser determination of DNA (Munro and Fleck,

1966). Samples consisting of 0.2 ml of the digestion reaction were

added to 0.3 ml of 16 mM EDTA and held on ice until all samples were
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collected. KOH was added to 0.3 N and the samples were incubated

for 1 hr at 37oC. The samples were chilled, and adjusted to 0.2 N

perchloric acid with a 1.0 N stock. The samples were shaken at

5°C for 20 min and then centrifuged at 10,000 x g for 10 min. The

supernatants were poured from each sample and the absorbance at

260 nm was determined. The nucleic acid present in the supernatant

represented the sum of the DNA digested by the nuclease and nuclear

RNA which had been hydrolyzed by the alkali-treatment. The amount

of RNA present in the supernatant of an undigested sample was deter-

mined and subtracted from digested samples to determine the amount

of solubilized DNA in each sample. The pellets remaining after the

removal of the supernatants were resuspended in 2 ml of 0.5 N

perchloric acid and heated at 70°C for 20 min. The absorbance of

these samples at 260 nm was determined and compared to the

absorbance of the supernatants to estimate the percent digestion that

had occurred in each sample.

Gel Electrophoresis of Nuclease-
Res is tant DNA Fragments

Polyacrylamide gel electrophoresis of the nuclease-resistant

DNA fragments was carried out according to the method of Loening

(1967) in 30 x 0.64 cm (inner diameter) Lucite tubes. Samples were

adjusted to 1 mg DNA per ml in one-tenth electrophoresis buffer
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(0.04M Tris, 1 mM EDTA, 20 mM Na acetate, pH 7.2) containing

7% glycerol. Samples of 35 1.4 DNA were routinely applied to each

gel. Samples were run on 3.5% gels for 9 hr at 3 mA per gel. Gels

were stained for 4 hr at room temperature with toulidine blue (NCB)

at 0.05 mg/ml, des tained in H2O at room temperature, and scanned

at 546 nm.

For calibration purposes, all electrophoresis runs included one

gel containing Hae III restriction enzyme fragments of PM2 DNA.

Where precise calibration of gels was required, isolated PM2

fragments were added directly to the chromatin DNA samples.

Fractionation of Partially-Digested
Chromatin by Agarose Chromatography

When the partially-digested chromatin was to be fractionated on

an agarose A-5m column, the reaction was terminated by the addition

of EDTA to 10 mM and cooling on ice. After centrifugation at 10,000

x g for 15 min, the nuclei were resuspended in 10 ml of 10 mM Tris

HCI, pH 7.5, 0.7 mM EDTA and disrupted by homogenization for

1 min at a medium setting on a Virtis "45" homogenizer. The

nuclear debris was pelleted by centrifugation at 10,000 x g for 15 min.

The supernatant was made 7% with respect to sucrose and applied to a

Bio-Rad A-5m column, 90 x 2.5 cm, equilibrated with 10 mM Tris

HCI, 0.7 mM EDTA, pH 7.5 at 5°C following Shaw et al. (1974).
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H-1 and H-5 Depletion of Chromatin

Nuclei prepared by previously described procedures were lysed

by exposure to 5,0 mM Tris HC1, pH 7.2. The resulting chromatin

was solubilized for 30 sec at a medium setting on a Virtis "45"

homogenizer. NaC1 was added to the solubilized chromatin to a final

concentration of 0.6 M and the solution was stirred at 5o for 2 hr.

The H-1 and H-5 depleted chromatin was pelleted by centrifugation at

30k for 12 hr. The pelleted chromatin was resuspended in 5 mM Tris,

pH 7.2, and solubilized by gentle Virtis homogenization (30 sec at

medium setting). The H-1 and H-5 depleted chromatin (1.5 mg /ml)

was adjusted to 0.025 mM CaC1
2

and digested with micrococcal

nuclease at a concentration of 50 units per ml of chromatin solution.

Pre aration o 1251-labeled RAV -O RNA

Rous associated virus-0 (RAV -O) was harvested from line

100 chicken cells grown in tissue culture (the cells were supplied by

L. Crittenden, Regional Poultry Research Labs., East Lansing,

Mich.). The cells were grown to confluency in Ham's F10 media

(Microbiological Assoc.) supplemented with 10% tryptose phosphate

broth and 5% donor calf serum. When the cells reached confluency,

the serum concentration was reduced to 2% and the tissue culture fluid

was harvested every 4 or 8 hr. After centrifugation of the culture



27

fluid at 10, 000 x g for 10 min, the virus particles were sedimented

out of the fluid by centrifugation at 20k for 2 hr in a FA21 rotor. The

pelleted virus was resuspended in 10 mM Tris, pH 7.2, 0.15 M NaCI,

1 mM EDTA and SDS (sodium doedecyl sulfate) was added to a final

concentration of 1%. RNA was extracted from the solubilized virus

by a standard SDS-phenol extraction procedure (Kirby, 1965). The

viral RNA was then extracted three times with an equal volume of

ether, and precipitated overnight at -20° after the addition of one-

tenth volume 20% Na acetate, pH 4.8, and two volumes of 95%

ethanol.

The RAV -O RNA isolated by the above procedure was applied to

a 10-30% glycerol (prepared in 10 mM Tris, 0.15 M NaCI, 1 mM

EDTA, pH 7.2) density gradient and centrifuged at 48k for 80 min at

o
5 in a SW 50.1 rotor. Fractions were collected from the bottom of

the gradients and those fractions containing 70S RNA (the gradient was

calibrated by comparison to a separate gradient containing
3H-labeled

ribosomal RNA) were pooled. The 70S RNA was again precipitated

with ethanol and stored at -20°C.

The iodination of the RAV -O RNA followed the procedure

described by Tereba and McCarthy (1973). Two micrograms of

RAV -O RNA (0.25 mg/ml stock) were added to a reaction mixture

containing 0.12 M Na acetate, pH 5.0, 0.8 M T1C13 (K and K Labs.),

and 2 mCi of carrier-free
125 I (ICN) in a total reaction volume of
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38 pl. The reaction mixture was sealed in a 100 14,1 glass capillary

tube and heated at 7000 for 20 min. The capillary was then opened

and the contents applied directly to a Sephadex G-75 column (20 x 0.7

cm) equilibrated with 15 mM Na acetate, 1.5 mM Na citrate, pH 7.2.

The iodinated RNA eluted with the void volume of the column well

ahead of the unreacted
125 I. The fractions containing the iodinated

RNA were pooled, stoppered tightly, and reheated to 60o for 45 min.

The RNA containing the
1251 covalently attached to the C-5 position on

cytosine residues was separated from additional free 125 I which had

been liberated from an unstable intermediate (5-iodo-6-hydroxy-

hydrocytidylic acid) by the previous heating step by passage through a

second G-75 column. The fractions containing the iodinated RNA were

pooled and stored at -60°C.

The iodinated RNA was routinely characterized with respect to

its size and sensitivity to RNase A following the labeling reaction.

Size determination of the RNA on 10-30% glycerol gradients con-

sistently revealed that the RNA had been fragmented into pieces

sedimenting at approximately 4S. The iodinated RNA was generally

about 90% sensitive to RNase A (15 pg/m1) following the reaction. In

some cases, pronase treatment and phenol-extraction of the iodinated

RNA was necessary to remove residual protein contaminants which

had also been labeled in the reaction.
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Preparation of 3 H-labeled DNA Complementary
to Avian Myeloblastosis Virus

Avian myeloblastosis virus (AMV) was obtained from the plasma

of chicks suffering from avian myeloblastosis disease. Virions were

sedimented through a solution of 30% glycerol in THE buffer (10 mM

Tris, pH 7.2, 0.15 M NaC1, 1 mM EDTA) onto a 100% glycerol pad

by centrifugation at 25k for 2 hr at 5° in a SW 25.1 rotor. The virus

particles were removed from the glycerol pad and banded in a 20-50%

sucrose gradient by centrifugation at 25k for 12 hr at 5°C. The virus

band (density 1.16 g /cm3), which was easily visible, was removed

from the sucrose gradient and the virions were pelleted by centrifuga-

tion at 48k for 30 min in a SW 50.1 rotor. The virus particles were

resuspended at a concentration of approximately 1 mg viral protein

per ml in 25 mM Tris, pH 8.3, 10 mM MgC12'
0.5 mM EDTA, 0.15

M KG1, and 0.25% Nonidet P-40 (Shell) and shaken at 5° for 3 hr.

One ml of the gently disrupted virus solution was added to 20 ml of

H2O and 0.5 ml of each of the following reaction components:

modified BM buffer (0.4 M Tris, pH 8.3, 0.06 M MgC1 2), d-XTP

stock (d-GTP, d-CTP, and d-ATP, all at 2 mM),
3H-dTTP (1000 }IC/

ml), Actinomycin D (2 mg/m1), and DNase I-digested calf thymus DNA

(15 mg/ml). The specific activity of the 3H-dTTP (Schwarz/Mann)

was 58 C/mM. The reaction was incubated at 37° for 2 to 3 hr during

which time the reverse transcriptase contained in each vir ion used
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the viral RNA as a template for the synthesis of
3H-labeled DNA.

The actinomycin D in the reaction inhibited the reinitiation of DNA

synthesis from RNA-DNA hybrids while the fragmented calf thymus

DNA (less than 10 base pairs in length) stimulated DNA synthesis by

providing additional initiation sites for the enzyme. The reaction was

terminated by the addition of EDTA to 10 mM, SDS to 0. 1%, and

Proteinase K (EM Laboratories) to 200 µg /ml. The reaction was

incubated for an additional hour at 37° and then the viral RNA and

3H-labeled viral DNA was extracted by a standard phenol-extraction

procedure (Kirby, 1965), and precipitated overnight at -20° with

ethanol.

The product of the reaction described above consisted of a

mixture of viral RNA, hybrids of viral RNA and 3 H-labeled DNA,

and single- and double-stranded
3H-labeled DNA, along with small

double-stranded calf thymus DNA fragments. This mixture was

sedimented from the ethanol solution (10, 000 x g, 10 min), resus-

pended in H2O, and passed through a Sephadex G-75 column (20 x 2

cm) equilibrated with H2O to remove the small calf thymus DNA frag-

ments. The fractions containing the viral RNA, RNA-DNA hybrids,

and DNA were pooled, lyophilyzed to dryness, and resuspended in

0.01 M phosphate buffer, pH 6.8. The mixture was then fractionated

on DNA-grade hydroxyapatite (Bio-Rad) by a batch elution method

carried out at 60°C. The viral RNA was eluted in 0.12 M phosphate,
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the RNA-DNA hybrids in 0.2 M phosphate, and the double-stranded

DNA in 0.4 M phosphate. The viral RNA-DNA hybrid fraction was

adjusted to 0.3 N NaOH and incubated at 37°C for 4 hr to hydrolyze the

RNA component. The solution was then neutralized with HCl and the

3H-labeled AMV DNA was separated from the hydrolyzed RNA by

another passage through a Sephadex G-75 column equilibrated with

H2O. The specific activity of the
3 H-labeled AMV DNA was calculated

to be approximately 2 x 107 cpm/p.g.

Fragmentation of Cellular DNA

One volume of DNA solution was mixed with two volumes of

100% glycerol in a 50 ml Virtis homogenizing cup, and chilled in a

dry ice-ethanol bath. This viscous DNA solution was homogenized for

10 min at full speed with a Virtis 45 homogenizer (maximum speed,

45,000 rpm). Following homogenization, the DNA was precipitated

overnight from the glycerol solution by the addition of one-tenth

volume of 20% Na acetate, pH 4.8, and two volumes of 95% ethanol.

DNA fragmented in this way was reduced to fragments approximately

300 base pairs in length.

Hybridization of
1251 RAV -O RNA

with Excess Cell DNA

Hybridizations were performed in 37% formamide, 3 x SSC
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(1 x SSC = 0.15 M NaC1, 0.015 M NaCitrate, pH 6.8), and 0.05% SDS

at 50°C. Approximately 70-80 µg of DNA was mixed with 0.1 ng

(2000 cpm)
1251 RAV -O RNA in a total volume of 10 1.1,1 and sealed in

a 30 lal capacity tube. The DNA was denatured by incubating the

capillaries in a boiling water bath for 5 min. The capillaries were

then removed and incubated at 50°C for various periods of time.

The reactions were terminated by expelling the contents of the

capillaries into 0.21 ml of 2 x SSC which was subsequently divided

into two equal portions. One portion was treated with pancreatic

RNase A (20 µg /ml) and RNase T1 (20 units /m1) for 1 hr at 37°C.

The number of counts precipitable in 10% trichloroacetic acid

and collected on nitrocellulose filters was compared to the number

of counts from the untreated portion to determine the fraction of

the probe which had hybridized.

The concentration of DNA in each hybridization (necessary to

establish Co) was determined by adjusting an aliquot of the DNA to

0.5 N perchloric acid and heating to 70°C for 20 min. The absorbance

of this fully hydrolyzed sample was then determined at 260 nm. This

procedure was necessary to correct for the different degrees of

hypochromicity in the various DNA solutions. For example, the

myeloblast DNA was fully denatured as a result of alkali-treatment of

the DNA to remove nuclear RNA. Therefore, the above procedure
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was necessary to accurately compare the concentration of different

DNA solutions.

Hybridization of 3H- labeled AMV
DNA to Excess AMV RNA

Hybridizations were performed in 50% formamide, 3 x SSC,

2 mM EDTA, and 0.1% SDS at 50°C. Each hybridization capillary

contained 0.1 ng of 3 H-AMV DNA (2000 cpm) and 28 ng of unlabeled

AMV RNA in a total reaction volume of 10 The capillaries were

incubated at 50 oC following denaturation in a boiling water bath for

5 min. Individual capillaries were removed from the incubation bath

at various times and frozen at -20°C until all capillaries were col-

lected. The contents of the capillaries were expelled into 0.21 ml of

S1 reaction buffer (0.03 M K acetate, 0.35 M NaCl, 0.06 M ZnSO4,

70 µg /ml double-stranded calf thymus DNA, and 15 µg /ml single-

stranded calf thymus DNA) and divided into two equal aliquots. One

aliquot was treated with partially purified S1 nuclease (supplied by

L. Heilman) for 1 hr at 45o and then precipitated with 10% tric.hloro-

acetic acid. The other aliquot was precipitated before S 1-treatment.

The amount of 3H AMV DNA precipitable in the two aliquots was com-

pared to determine the fraction of AMV DNA hybridized.
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Hybridization of 3 H-labeled AMV DNA

with 125I-labeled AMV-RNA

The hybridizations described here were performed in 50%

formamide, 3 x SSC, and 2 mM EDTA at 50°C. One-tenth nanogram

of
125 I-labeled AMV RNA (2000 cpm) was mixed with increasing

amounts of 3H-labeled AMV DNA (from zero to 1.0 ng) in a reaction

volume of 10 1.d. The capillaries were denatured and incubated as

described previously. The percent of the 125 1-labeled AMV RNA that

was hybridized by the increasing concentrations of 3H-labeled AMV

DNA was determined by RNase A treatment of the reactions as

described previously.

Hybridization of Excess
3H-labeled

AMV DNA with Cellular DNA

The hybridizations described here were performed in 50%

formamide, 3 x SSC, and 2 mM EDTA at 50°C. Six micrograms

of fragmented, cell DNA was mixed with 0.1 ng (20, 000 cpm) of 3H-

labeled AMV DNA in a reaction volume of 10 pl. These conditions pro-

vide a 20-fold excess of
3 H-AMV DNA over endogenous proviral

sequences contained in the DNA assuming the cell from which the

DNA was extracted contained three viral genomes per cell. The

reactions were sealed in 30 1.d capillaries, denatured in boiling water,

incubated at 50o for various periods of time, and then assayed by S1
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nuclease treatment as described earlier. In all hybridizations

involving the
3H-labeled AMY DNA, control capillaries containing

only the AMV DNA were included to determine the number of S
1

resistant cpms resulting from self-annealing of the probe (generally

2-3%).
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RESULTS

Structural Aspects of Chromatin Structure as
Revealed by Nuclease Digestion Studies

Isolation of Nuclei. Nuclei were isolated from both avian ery-

throcytes and myeloblasts by similar procedures. Cells were

collected by bleeding normal or leukemic chickens by cardiac puncture

using heparin as an anticoagulant. Mature erythrocytes or leukemic

myeloblasts were separated from whole blood by brief centrifugation

at low speed (3000 x g). The very dense erythrocytes sedimented at

the bottom of the tube while the less compact myeloblasts formed a

discrete band above the erythrocytes. Each component was removed

and washed several times with an isotonic salt solution (0. 15 M

NaCl, 0.015 M Na citrate, pH 7.2) before being frozen and stored at

-60°C. Upon thawing, most of the cells lysed spontaneously. This

was especially evident in the case of the erythrocytes where the

supernatant after a brief centrifugation of the thawed cells was dark

red in color due to the release of hemoglobin. To complete the lys is

of all the cells, as well as to remove membrane fragments adhering

to the nuclei, Nonidet P40, a non-ionic detergent (Shell Chemical)

was added to a final concentration of 0.25%. It was also necessary to

add Ca++ (3 mM) at this time to the myeloblast preparations in order

to stabilize the nuclear membranes. In the absence of Ca++, the
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myeloblast nuclei were unstable and ultimately lysed upon further

handling. Erythrocyte nuclei were not found to require Ca++ for

stability and were remarkably stable throughout the isolation proce-

dure.

One explanation for the stability of the erythrocyte nuclei in the

absence of any divalent cation was revealed by examination of the

erythrocyte nuclei by phase-contrast microscopy. This technique

revealed that virtually all of the nuclei were surrounded by an almost

transparent, but well-defined membrane-like structure (Fig. 2A).

This membrane-like structure is obviously not a conventional mem-

brane in that it has not retained any cytoplasmic material within it and

is not solubilized by detergent. This structure does, however, retain

the characteristic elongated shape of an avian erythrocyte. A similar

structure had been observed in earlier work on this system. How-

ever, the conditions reported there for removal of these structures

(Sahasrabuddhe, 1974) were completely ineffective in our hands

(0.25% Nonidet, 10 min on ice). In fact, detergent concentrations as

high as 0.5% with incubation at 37°C for extended periods of time did

not result in the removal of any of this structure. However, since

the presence of these membrane-like structures seemed to afford

the erythrocyte nuclei added stability in the absence of any divalent

cations, and since the nuclear chromatin was still rapidly accessible
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Figure 2. Phase-contrast photographs of chicken erythrocyte nuclei

(a-c) and myeloblast nuclei (d-f) at different stages of

digestion by micrococcal nuclease. Digestions of both

types of nuclei were performed as described in Methods.

Nuclei are shown before digestion (a and d), after 5 min of

digestion (b and e), and after 40 min of digestion (c and f).
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to added nucleases, we elected not to turn to more extreme methods to

remove these structures.

The purified nuclei of both avian erythrocytes and myeloblasts

are shown in Figure 2. The nuclei were prepared as described and

examined by phase contrast microscopy. The membrane-like struc-

tures associated with the erythrocyte nuclei are absent from the

myeloblast nuclei. In addition, the myeloblast nuclei are larger,

more spherical in shape, and appear to be less dense than the erythro-

cyte nuclei. The significance of these structural differences in

terms of their effect on the rate and extent of digestion of chromatin

will be considered in the next section. Figure 2 a- f also shows the

nuclei at various stages of digestion by micrococcal nuclease. Both

types of nuclei clearly lyse during the course of the digestion

reaction. It is also interesting to note that after brief digestion of

erythrocyte nuclei, the partially digested chromatin is held within

the membrane-like structure associated with these nuclei rather than

being released into solution. As discussed later, this presented a

technical problem in experiments in which the partially-digested

chromatin was further fractionated by agarose chromatography.

Kinetics of Nuclease-Digestion Reaction

Both the rate and the extent of the in situ digestion of erythro-

cyte and myeloblast nuclei were determined by measuring the percent
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DNA soluble in 0.2 N perchloric acid at various times during the

digestion reaction. Each type of nuclei was digested with two very

different nucleases. The first nuclease used was micrococcal nucle-

ase. This enzyme acts on single- or double-stranded DNA exhibiting

both exo- and endo-nucleolytic activities. Maximum activity has been

shown to be dependent on the presence of Ca++. When double-

stranded DNA is used as a substrate, the enzyme introduces double-

stranded cuts. Micrococcal nuclease has been used extensively in

chromatin digestion studies because it has been shown to selectively

degrade those regions of DNA laying between adjacent nucleosomes.

DNA which is intimately associated with the core of the nucleosome

is relatively resistant to digestion (Shaw et al., 1976a).

The second nuclease used was pancreatic DNase I. This enzyme

introduces either single-stranded or double-stranded cuts into

double-stranded DNA depending on the divalent cation which is present.

In the presence of Mg ++
,

single-stranded cuts are introduced, while

in the presence of Mn++, the enzyme produces double-stranded cuts.

In these experiments, only Mg++ was used. Under these conditions,

DNase I did not appear to differentiate between "core" and "spacer"

DNA in chromatin and rapidly degraded both to a limit digest consist-

ing of fragments approximately 10 base pairs in length. Comparison

of the kinetics of digestion of erythrocyte and myeloblast chromatin by
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these two enzymes revealed several interesting similarities as well

as several differences.

One interesting similarity was revealed by comparing the

kinetics of the digestion of the erythrocyte and myeloblast nuclei by

micrococcal nuclease (Fig. 3). The rate of the digestion reaction was

identical in both cases. In addition, micrococcal nuclease digestion

of both types of nuclei stopped at an identical limit after approximately

54% DNA had become acid soluble. This is in spite of the fact that

the chromatin of erythrocyte nuclei appeared to be entirely condensed

and is known to be transcriptionally inactive, while the chromatin of

myeloblast nuclei appeared much more extended (Fig. 2d) and is known

to be very active transcriptionally. These results suggest that the

basic subunit structure of the chromatin of these two nuclei is

probably identical regardless of differences in their synthetic capa-

bilities. As a result, to an enzyme such as micrococcal nuclease,

whose activity is sensitive to the subunit structure of chromatin, the

two types of nuclei appear to be indistinguishable.

The kinetics of the digestion of these two types of nuclei by

micrococcal nuclease can be contrasted with the kinetics obtained by

digestion with DNase I (Fig. 3). Digestion of both types of nuclei by

DNase I exhibits much faster kinetics than compared with micro-

coccal nuclease digestion. Also, the digestion proceeds past the 54%

limit seen with micrococcal nuclease to essentially 100% acid
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solubility of the DNA. Therefore, these results indicate that DNase I

is not capable of recognizing the basic chromatin subunit in terms of

any protection that the subunit imparts to the DNA associated with it.

An additional difference was noted with respect to the DNase I

digestion kinetics. The kinetics of digestion of the two types of

nuclei were no longer identical as they were in the case of micrococcal

nuclease digestion. The rate of digestion of the less compact myelo-

blast nuclei was much faster than the rate at which the fully condensed

erythrocyte nuclei was digested (Fig. 3). Therefore, in the case of a

nuclease such as DNase I, which is incapable of recognizing the

subunit structure of chromatin, the condensed state of the chromatin

appears to affect the rate at which it is degraded.

The results presented here indicate that approximately 50% of

the chromatin DNA is resistant to degradation by micrococcal

nuclease. This nuclease-resistant component is known to be unsus-

ceptible to further degradation as a result of its well-defined inter-

action with chromosomal proteins-- predominantly histones. By

isolating and characterizing the nuclease-resistant DNA fragments

which result after various times of digestion, one can draw some

conclusions concerning the structural aspects of the chromatin from

which they were generated. This approach is discussed in the next

section.
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Analysis of Nuclease-Resistant DNA Fragments Resulting from

Digestion of Erythrocyte Nuclei by Micrococcal Nuclease. Erythro-

cyte nuclei were digested with micrococcal nuclease under the con-

ditions described earlier. At various times during the digestion

reaction, an aliquot was removed and the nuclease was inactivated by

the addition of EDTA. Nuclease-resistant DNA fragments present at

that stage of the digestion were isolated by a standard phenol-

extraction procedure following pronase-treatment of the reaction.

The isolated DNA fragments were then analyzed by electrophoresis on

3.5% polyacrylamide gels. After electrophores is, the gels were

stained with toluidine blue and scanned at 546 nm (Fig. 4). The gels

were calibrated by use of Hae III restriction enzyme fragments of

PM-2 (kindly supplied by R. T. Kovacic). In some cases, where very

accurate size determinations were necessary, selected restriction

fragments were added directly to the chromatin DNA and run in the

same gel as "internal markers" (Fig. 5).

Analysis of the nuclease-resistant DNA fragments in this way

revealed that even after very brief digestion, the chromatin DNA had

been cut into a series of fragments whose lengths fell into discrete

size-classes (Figs. 4 and 5). These DNA fragments appeared as

distinct bands on the gels and were shown to be roughly multiples of

180 base pairs. The smallest band observed, referred to as the

"monomer, " measured approximately 150 base pairs and exhibited
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Figure 4. Polyacrylamide gel patterns of DNA isolated at varying

times from the micrococcal nuclease-digestion of
erythrocyte chromatin. A Hae III-PM2 digest is
included for calibration purposes. The dotted lines

represent the migration distance of bands J, K, L,
and M. The gels (3. 5% acrylamide) were stained

with toluidine blue and scanned at 546 nm.
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some heterogeneity. Upon further digestion the monomer band became

more homogenous, forming a narrow band at 140 base pairs. The

larger bands, referred to as "dimers, " "trimers, " "tetramers, "

etc. or "oligomers" collectively, became smaller as the digestion

proceeded and appeared to reach limiting sizes after extensive diges-

tion. By determining the sizes of the oligomers at various times

during the course of the digestion, it was possible to extrapolate back

to zero-time and obtain the zero-time size of each oligomer. The

zero-time sizes determined in this way appear to be multiples of

about 180 base pairs (Table 1).

DNA fragments smaller than 140 base pairs also result from

the digestion. This is especially true after extensive digestion.

These small DNA fragments, referred to as "sub-monomer" frag-

ments, result from limited digestion of the core structures them-

selves. The rate of degradation of the cores is much slower than that

at which oligomers are digested. The fact that the submonomers

also exist as a set of discrete-sized fragments indicates that digestion

of the core DNA occurs only at a few very well-defined points on the

core particle.

The fact that the smallest fragment measured 140 base pairs

while the oligomers appeared to be multiples of 180 base pairs at

zero time, but became smaller as the digestion proceeded, forms in

part the basis of a model for the structure of chromatin which has
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Table 1. Variation of chicken erythrocyte DNA fragments with

digestion time.

n Loa L
0

(obs)b Le,z(pred)cLoa

1 (monomer) d 140 140

2 (dimer) 355 178 302 320

3 (trimer) 536 177 465 500

4 (tetramer) 740 185 e

aLength in base pairs, extrapolated to zero time.

b Length in base pairs after long digestion.

cLength in base pairs predicted from L (pred) = 140n + 40(n- 1).

dNot es timated peak ass ymetric.

eNot determined.
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Figure 5. Polyacrylamide gel patterns of DNA isolated at varying

times from the micrococcal nuclease-digestion of

erythrocyte chromatin. Internal Hae III-PM 2 marker
bands J, K, L, and M (shaded peaks in the top scan)

were included in each gel for calibration purposes. The

gels (2.5% acrylamide) were stained with toluidine blue
and scanned at 546 nm.
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been proposed by Van Holde (Van Ho lde et al., 1974a; Shaw et al.,

1975). In this model, the fundamental unit of chromatin is thought to

be a complex of eight his tones (two each of H2a, H2b, H3, and H4)

and 140 base pairs of DNA. The his tones form a central protein core

around which the DNA is wrapped. This fundamental unit is referred

to as the core particle. The core DNA is protected from nuclease

digestion as a result of its interaction with the histone -complex.

Adjacent cores are separated by a short length of DNA known as

"spacer" DNA. The length of the spacer DNA is thought to be approxi-

mately 40 base pairs (Table 1). If the average size of the spacer is

40 base pairs, then the length of each oligomer would be predicted to

be 140(n) + 40(n-1) where n is equal to the number of core particles

comprising the oligomers. As shown in Table 1, size-predictions

made on this basis are very close to those actually observed. The

fact that the observed sizes are slightly lower than those predicted

probably results because the oligomers which survive late into the

digestion may have slightly shorter spacers connecting their cores.

A more detailed discussion of this model and the evidence supporting

it has been published (Shaw et al., 1976; Van Holde et al, )97'3).

Analysis of Nuclease-Resistant DNA Fragments Resulting from

Digestion of M eloblast Nuclei b Micrococcal Nuclease. Nuclease-

resistant DNA fragments resulting from the digestion of myeloblast

nuclei by micrococcal nuclease were characterized in a similar
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manner as were the fragments resulting from digestion of erythrocyte

nuclei. As shown in Figure 6, the size and distribution of DNA-

fragments are very similar to those seen in the erythrocyte digestion.

After brief digestion, a series of oligomers appear along with a

prominent monomer band which is slightly larger than 140 base pairs.

After extensive digestion, all of the chromatin DNA was reduced to

fragments measuring 140 base pairs or smaller. It is also interesting

to note that the sub-monomer banding pattern generated in this system

appears to correlate exactly with that found in the erythrocyte system.

All these facts together suggest that even though these two cells are

very different in terms of their synthetic capabilities, the underlying

structure of their chromatins seems to be practically identical.

Although it appears that the subunit structure of the chromatin

from these two systems are identical on the basis of these studies, it

should be pointed out that the myeloblast system has not been sub-

jected to the same set of rigorous experiments used in the analysis of

the erythrocyte system. As a result, care must be taken not to rule

out the possibility that small differences still exist. This is especially

true in the case of the length of the spacer DNA in the two systems.

Recent evidence suggests that while the size of the core DNA seems

to be constant from system to system, the length of the spacer may

vary considerably (Lohr et al., 1976). Therefore, until sizes of the

oligomers are very carefully determined at various times during the
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digestion--which will allow extrapolation to zero-time sizes -- it is

somewhat premature to say that the chromatin structure of these two

systems is exactly identical.

Digestion of Erythrocyte and Myeloblast Nuclei by DNase I. The

kinetics of the digestion of erythrocyte and myeloblast nuclei by DNase

I were much different from the kinetics of digestion by micrococcal

nuclease. Therefore, it was not surprising that the nuclease -

resistant DNA fragments resulting from DNase I digestion were very

different from those generated by micrococcal nuclease digestion.

As shown in Figures 7 and 8, DNase I digestion failed to generate the

same pattern of DNA fragments seen previously with micrococcal

nuclease, Moderate digestion of erythrocyte nuclei by DNase I did

result in the generation of some fragments approximating 140 base

pairs in length. However, this population of fragments was obviously

very heterogenous and certainly not comparable to that generated by

micrococcal nuclease. DNase I digestion of myeloblast nuclei was

even less effectual in generating a specific size-class of DNA frag-

ments comparable to those seen previously. The only homogenous

population of DNA fragments generated by this enzyme appeared only

after extensive digestion. At this time, a band composed of very

small DNA fragments measuring approximately 10 base pairs in

length, was observed. From this analysis it is once again apparent
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Figure 8. 8. Polyacrylamide gel patterns of DNA isolated at varying
times from DNase I digestion of myeloblast nuclei. A
Hae III-PM 2 digest is included for calibration purposes.
The gels (3.5% acrylamide) were stained with toluidine
blue and scanned at 546 nm.
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that DNase I does not recognize the basic structural unit of chromatin

as does micrococcal nuclease.

Fractionation of Nuclease-Resistant Chromatin Particles by

Agarose Chromatography. Examination of the gel scans presented in

Figures 4 and 5 indicated that after moderate digestion by micrococcal

nuclease, a series of DNA fragments were present which corresponded

to monomer, dimer, trimer, tetramer, etc. or "multimer" particles.

Fractionation of a mixture of such particles into homogeneous popula-

tions was desirable for several reasons. First, it allowed additional

structural aspects of the particles to be investigated. For example,

isolation of a population of individual cores made it possible to deter-

mine their sedimentation value. The protein composition of the core

and the oligomers could also be determined and compared in this way.

A second reason why it was desirable to fractionate the particles had

to do with the possible functional implications of such a digestion

pattern. It was conceivable that the oligomers which survived well

into the digestion did so as a result of having been located in a region

of the chromatin which was less accessible to the nuclease than were

other regions. The reduced nuclease-susceptibility of these oligomera

may have resulted from their location in a condensed, as opposed to

an extended, region of chromatin. If this were true, then it was

thought that isolation and analysis of the DNA contained in these oli-

gomers might provide some clue as to the relationship between
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structural and functional aspects of chromatin structure. For these

reasons, the DNA-histone particles resulting from the digestion of

erythrocyte nuclei by micrococcal nuclease were fractionated by

agarose chromatography by the method of Shaw et al. (1974).

The digestion reaction was stopped after approximately 25% of

the chromatin DNA had been solubilized and the remaining nuclease

resistant particles were passed through an Agarose A5m column.

The particles eluted from the column as two major components with

considerable material eluting in intermediate fractions (Fig. 9).

Extraction of the DNA from selected fractions followed by analysis by

gel electrophoresis revealed the composition of the various fractions

(Fig. 10). The material eluting with the void volume of the column

(fractions 1-9) was found to contain very high molecular weight DNA.

This peak was referred to as the multimer fraction since it contained

many core particles still joined by spacer DNA. The second major

peak (fractions 28-44) was shown to contain only DNA fragments of

approximately 140 base pairs or smaller and was therefore referred

to as the monomer fraction. Analysis of fractions eluting between

the peaks revealed the presence of dimers, trimers, etc. These

fractions were referred to as the intermediate fractions.

Also shown in Figure 9 are the sedimentation values of the

material found in selected fractions. Most notable is the fact that

the core particle was shown to have a sedimentation value of 11.2s.
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Figure 10. Polyacrylamide gel patterns (3.5% acrylamide) of DNA
isolated from fractions a through f in Fig. 9. A Hae III-
PM 2 digest is included for calibration purposes.



DNA FROM COLUMN FRACTIONS

(0)

MIGRATION

61



62

This is compatible with a molecular weight for the core of 00180, 000

daltons. This molecular weight is in turn very close to that predicted

by the model which proposes that the basic structural unit of chroma-

tin is composed of 8 his tones and 140 base pairs of DNA (Van Holde

et al., 1974a).

Analysis of the protein content of selected fractions revealed

that while all six classes of his tones were present in multimer and

intermediate fractions, his tones HI and H5 were almost entirely

absent from the monomer fraction (Shaw et al., 1975). This result

strongly supports the idea that H1 and H5 are associated primarily

with the spacer DNA, and are not integral components of the core

itself.

Those experiments which required the isolation of multimer-

DNA to investigate its possible functional significance will be dis-

cussed in a later section.

His tone HI and H5 Depletion of Erythrocyte Chromatin. His tones

H1 and H5 are thought to be associated with the spacer regions of

chroma tin. Analysis of the his tone content of various A5m column

fractions supports this view. If this were true, the presence of H1

and H5 might be expected to protect this spacer DNA to some extent

from nuclease digestion. This could in turn offer another explanation

for the survival of some oligomers late into the digestion period as

discussed earlier. That is, perhaps these late oligomers survive
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nuclease digestion to this point because of a type of Hl- spacer inter-

action which results in the spacer DNA becoming somewhat less

susceptible to nuclease digestion. This hypothesis was testable in

that it is possible to preferentially remove H1 and H5 from chromatin

by exposure of the chromatin to 0.6 N NaCI. Digestion of this H1-

depleted chromatin by micrococcal nuclease would not be expected to

generate late-oligomers. The results of an experiment of this type

are discussed below.

Chromatin was prepared from erythrocyte nuclei as described

earlier. A portion of the solubilized chromatin was exposed to 0.6 N

NaC1 for 2.5 hr at 5°C. Under these conditions, HI as well as H5, a

special Hl-like his tone found in avian erythrocytes, were partially

solubilized and the remaining chromatin was removed by sedimenta-

tion. Analysis of the his tones remaining associated with the H1- and

H5-depleted chromatin revealed that HI was almost entirely absent

while 1-15 was present in only small amounts (T. Herman and K.

Tatchall, unpublished results). The four "inner" his tones were not

significantly altered by this treatment.

The H1- and H5-depleted chromatin was then digested with

micrococcal nuclease as described. Chromatin which had not been

depleted of these two his tones by the salt treatment also were digested

under identical conditions as a control. Several results are of inter-

est. First, the HI- and H5-depleted chromatin was digested at a
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faster rate than was the whole chromatin (Fig. 11). This was in

keeping with our original hypothesis that H1 might be offering some

degree of protection from nuclease digestion to the chromatin. At

the same time, the extent of digestion of both chromatins appeared to

be approaching the same limit at N50% DNA acid soluble. Therefore,

while H1 and H5 appear to influence the rate of digestion, the eventual

outcome of the digestion appears to be the same. Even more interest-

ing differences were seen when the nuclease-resistant DNA fragments

resulting from the digestions were characterized on polyacrylamide

gels (Fig. 12 A and B). The most striking result from these experi-

ments was the total absence of any DNA fragments corresponding to

oligomeric structures in the case of the H1- and H5-depleted chroma-

tin. Once again, this result supported our original view that H1 and

H5 were associated with spacer DNA. Fragments corresponding to

oligomers were present after brief digestion of whole chromatin

(Fig. 12A) and therefore the absence of such bands in the H1- and

H5-depleted chromatin was not due to an artifact involved with the

chromatin isolation procedure.

Additional support for the view of H1 and H5 protecting spacer

DNA was gained by comparing the monomer or core DNA fragments

resulting from each chromatin. Digestion of the H1- and H5-depleted

chromatin resulted in an extremely homogenous population of DNA

fragments which measured exactly 140 base pairs (Fig. 12B). Thus,



100

80

60

65

al

eW

10 20 30 40 50
DIGESTION TIME (min)

60

Figure 11. Kinetics of digestion of native (circles) and histone H1-
and H-5 depleted (triangles) chicken erythrocyte chroma-
tin. The amount of chromatin DNA soluble in 0.2 N
perchloric acid was determined at varying digestion
times.



10 min Digest

66

2 min Digest

Heel -PM

MIGRATION
Figure 12. Polyacrylamide gel patterns of DNA resulting from the

digestion of native (A) and his tone H1- and H5-depleted
chromatin (B) by micrococcal nuclease. The size of
selected peaks was estimated by comparison with the
Hae III-PM 2 digest and indicated on the scans.
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it appears that in the absence of H1 and H5, micrococcal nuclease

can degrade all spacer DNA very quickly, leaving only the 140 base

core DNA. In contrast, the monomer DNA fragment resulting from

the digestion of whole chromatin is somewhat larger and much more

heterogenous (Fig. 12A). Both of these differences can be attributed

to the presence of spacer DNA of varying lengths still associated

with the cores.

Development of Hybridization Techniques to
Detect and Quantitate Integrated

Viral Sequences

To compare the effect of experimentally applied nucleases on

transcriptionally active and transcriptionally inactive viral sequences,

it was first necessary to develop methods to easily detect and quanti-

tate these viral sequences in their integrated state in the host cell

genome. Since the viral genome is extremely small (3 x 106

daltons) as compared with cellular genome (1.5 x 1012 daltons), a

very sensitive method is required to detect the presence of one viral

genome per cell. The technique of nucleic acid hybridization offers

such sensitivity.

Theoretical Considerations. When DNA is extracted from an

organism, fragmented into short pieces, denatured by heating, and

then incubated at a somewhat lower temperature, it will begin to

reassociate. That is, as a result of the random collision of
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pieces of single-stranded DNA, double-stranded DNA fragments will

be formed. The rate at which this reaction occurs is proportional to

the size, or more correctly, to the complexity of the DNA genome.

The term complexity takes into account the presence of populations

of DNA sequences which may be repeated more than once in a given

eucaryotic genome. The combination of the concentration of DNA (Co)

and time (t) required for one-half of the DNA to reform duplexes is

known as the 1 /2Cot for the reaction and is a measure of the complex-

ity of the DNA. A smaller, less complex genome will reassociate

more quickly and the 1 /2Cot of the reaction will be smaller.

Obviously, the most important parameters affecting the rate of

a reassociation reaction are the concentration and complexity of the

DNA involved. There are, however, several other parameters that

can significantly alter the rate of reassociation and must, therefore,

be carefully controlled. These parameters include the salt con-

centration, incubation temperature, and the size of the DNA frag-

ments. Of these three additional parameters, the first two are easily

controlled. The rate of reassociation increases with increasing salt

concentration (Wetmur and Davidson, 1968). Therefore, reassocia-

tions are generally performed in as high a salt concentration as still

allows sufficient solubility of the DNA. The optimal temperature for

reassociation is approximately 25o below the melting temperature of

the DNA. Since the melting temperature is very dependent upon salt
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concentration, these two parameters are closely interrelated. A

change in one generally necessitates an adjustment in the other.

The third parameter, DNA fragment size, is somewhat more

difficult to control. The rate of the reassociation reaction is pro-

portional to the square root of the size of the DNA fragment (Wetmur

and Davidson, 1968). It is, therefore, important that all DNAs are of

similar size when comparing their rates of reassociation. Mechanical

homogenization of a cooled, DNA-glycerol solution was found to be

the best method of fragmenting DNAs to uniform sizes.

It is possible to determine the number of viral genomes which

are integrated into a host cell genome by determining the rate at

which the cell's DNA hybridizes to a radioactively-labeled viral

probe. The probe can be either RNA or DNA. The only requirement

is that it be single-stranded and complementary to the proviral DNA

sequences which are to be detected. We have attempted to quantitate

the RNA tumor virus sequences in avian cells by measuring the rate

at which the cellular DNA sequences hybridized to 125 I-labeled viral

RNA.

Several points should be made concerning this system. First,

the hybridization reactions were run in the presence of a vast excess

of cellular DNA. This was necessary in order to maximize the

fraction of labeled RNA probe which would be hybridized. In these

reactions, single-stranded 125 I-labeled viral RNA, which we can
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arbitrarily assign as being the (+) sense strand, was added to a

solution of cellular DNA containing integrated viral-DNA sequences

composed of both the (+) and (-) sense strands. A competition reac-
tion results in which the (+) strand 125I-labeled

viral RNA and the

strand of the viral DNA compete for the complementary (-) strand

(+)

viral DNA. If the 125
I-labeled RNA and the (+) strand viral DNA are

present in equal concentrations, each fragment has an equal chance

of hybridizing to the (-) strand sequence. To maximize the fraction
of 125

I-labeled viral RNA which hybridizes, excess cellular, and

therefore excess viral DNA sequences, were added to the reaction.

Under these conditions, a greater fraction of the 125
I-labeled RNA

should be incorporated into RNA-DNA hybrids.

The second point which should be made concerning this type of

hybridization system is that it is concerned with the rate of the

hybridization reaction. If only one viral genome is integrated into

each cellular genome--and the viral genome itself is not redundant--
then the viral sequences will hybridize with the 125I-labeled probe

at the same rate that the non-repetitive fraction of the cellular DNA

reassociates with itself. Similarly, the 1 /2Cot value for both reac-

tions will be equal. This assumes only that the rate constants for

DNA-RNA reassociation and DNA-RNA hybridization are equal. If

the number of viral genomes per cell now doubles to two, then the

viral sequences should hybridize to the 1251-labeled
RNA twice as
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fast as before. The 1/2Cot value for such an accelerated reaction

will be correspondingly smaller. Therefore, the basis for this

hybridization approach is the comparison of the rates of hybridiza-

tion as indicated by 1 /2Cot values. It, therefore, becomes very

important that those parameters which are known to influence the rate

of a hybridization reaction--i.e., salt concentration, temperature,

and fragment size--be very carefully controlled.

A second hybridization system which was also used to quantitate

the viral sequences present in avian cells involved the use of a 3H-

labeled DNA copy of the AMV genome as a probe. This hybridization

procedure was performed with probe-excess. The idea behind this

approach was to add enough radioactively-labeled DNA probe to a

given amount of cellular DNA so that all of the viral DNA sequences

in the cell DNA fraction were hybridized with the probe. This

requires that large excesses of labeled probe DNA be used in a

reaction. There are several advantages associated with this system.

First of all, saturation plateaus are not directly dependent upon the

rate of the hybridization reaction and therefore those parameters

effecting the rate of the reaction are not as crucial. Secondly, if the

specific activity of the radioactive probe is known, then it is possible

to directly calculate the number of viral genomes present per cell

from the amount of probe hybridized by a given amount of cellular

DNA.
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Both types of hybridization systems were used to measure the

viral-specific DNA sequences found in chicken erythrocytes and

myeloblasts. The results of each system are discussed below.

H bridization of 1251-Labeled
Viral RNA with Excess Cellular

DNA. To establish optimal hybridization conditions, DNA was

extracted from erythrocyte nuclei and hybridized in excess to 1251-

labeled RAV -O RNA. The reactions were run in 3 x SSC (1 x SSC

0.15M NaCI, 0.015M NaCit, pH 7.2), 50% formamide and 0.05% SDS.

A salt concentration of 0.45M NaCI allowed rapid hybridization while

the 50% formamide enabled the reactions to be incubated at lower

temperatures and thereby minimized thermal degradation of the RNA

probe. In order to establish the optimal incubation temperature under

these conditions, the reaction was performed at different temperatures

ranging from 37 oC
to 67 o

C. The results shown in Figure 13 indicate

that a rather broad temperature optimum exists at 55-60°C. We

chose 50 oC
as the most favorable incubation temperature in all

subsequent hybridizations because it gave a good rate of hybridization

while minimizing the risk of thermal degradation of the RNA probe.

The effect of different-sized DNA fragments on the rate of the

hybridization reaction was also determined. This factor could be very

important in these experiments since nuclease-digestion of chromatin

results in the generation of very small DNA fragments (140-30 base

pairs). It was therefore necessary to develop a method of shearing
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undigested DNA into fragments of this length. This was done by

mechanically shearing DNA-glycerol solutions that had been cooled in

a dry ice-ethanol bath. The results of this shearing procedure are

shown in Fig. 14. By varying the shearing time, fairly homogeneous

populations of DNA fragments ranging from 1000 to 200 base pairs

in length could be generated. The smallest DNA fragments that could

be prepared in this way averaged 200 base pairs in length. Hybridiza-

tion of 125I-labeled
viral RNA to different sized fragments of DNA

generated in this way revealed no significant differences in the rate

of hybridization of fragments ranging from 500 to 200 base pairs

(data not shown). It should, however, be pointed out that DNA frag-

ments smaller than 100 base pairs were not used in these experiments.

DNA fragments of this size might be expected to slightly reduce the

rate of the hybridization reaction (Wetmur and Davidson, 1968).

Using the conditions established above, an excess of erythrocyte

DNA was hybridized with 125I-labeled
RAV -O RNA. As shown in

Figure 15, only approximately 30% of the 125
I-labeled RAV -O RNA

hybridized with the erythrocyte DNA at a Cot of 104. The 1/2Cot of

the reaction was 2 x 103 which is only slightly lower than that obtained

for the renaturation of the unique fraction of erythrocyte DNA.

Therefore, on the basis of this 1/2Cot value, it appears that the viral
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FigureFigure 14. Polyacrylamide gel patterns of DNA mechanically
sheared for zero min (A), 2 min (B), and 30 min (C)
at 45k rpm by a Virtis homogenizer. The average
length (in base pairs) of the fragments in scans (B)
and (C) were estimated by comparison to the Hae 111-
PM 2 digest (D) and are indicated.
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Figure 15. Hybridization kinetics of 1251-labeled RAV -O RNA
with excess cellular DNA. Percent hybridization was
estimated from the fraction of 125I-labeled RAV -O
RNA resistant to degradation by a mixture of ribo-
nuclease A and T1. Each point represents the average
of three separate determinations.
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sequences present in erythrocyte genome are there at a concentration

slightly greater than one genome per cell,

Although the 1/2Cot value for the hybridization of erythrocyte

DNA to the 125 I labeled RAV -O RNA is consistent with other reports,

the fraction of the probe hybridized was consistently low. There are

several possible explanations for the small fraction of RNA probe

hybridized. First, the ratio of cell:J_Iar DNA:RNA probe may not have

been large enough. It is necessary to achieve a considerable excess

of viral DNA sequences as compared to 125I-RAV-0 RNA in order to

hybridize a major fraction of the RNA probe. Since the fraction of

DNA sequences comprising the erythrocyte genome that are comple-

mentary to viral RNA is extremely small (0. 0007% assuming three

viral genome per cell) it requires a tremendous excess of cellular

DNA to achieve even a modest excess of virus-specified DNA

sequences. Figure 15 shows the results of an experiment in which

0.1 ng (2000 cpm) of 125I-labeled viral RNA was hybridized to 38 p.g

of cellular DNA in a total volume of 5 p.I. These conditions approach

practical limits in terms of the specific activity of the RNA probe and

the solubility of the DNA (7.6 mg /m1). Assuming that each erythrocyte

genome contains three viral genomes (MW = 3.5 x 106 daltons), the

ratio of virus-specific DNA to 125 I-labeled RAV -O RNA in this

experiment was only 3: 1. The only way to enhance this ratio was to

add an increased volume of DNA (at the same concentration) to the
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same amount of RNA probe. This approach, however, is of limited

value in that large quantities of DNA are then necessary for each

experiment.

A second factor which could be responsible for the low levels of

hybridization involves the nature of the 125 I-labeled viral RNA. It
125

has been reported that the addition of I to a limited number of

cytidine residues (N)3%) does not significantly alter the hybridization

characteristics of the RNA (Tereba and McCarthy, 1973). However,

the introduction of this label into viral RNA could conceivably result in

several problems. For example, although only 70s viral RNA was

used in the labeling reactions, the labeled RNA which resulted was

invariably very small (r.,4s) when sized on 10-30% glycerol density

gradients (data not shown). This fragmentation may have occurred in

one of two ways. The RNA was heated at 70°C for 20 min at pH 4.8,

and then again at 60°C for 45 min at neutral pH during the labeling

reaction. This extended exposure to high temperature could have

resulted in the thermal degradation of the RNA. Also, it is possible

that radiolysis of the RNA could result if the label were preferen-

tially incorporated into one region of the RNA. In either case, if a

fraction of the RNA were very small, the rate of its hybridization

to cellular DNA might be greatly retarded.

In view of the low level of hybridization obtained with the above

hybridization system, an alternative method of detecting the virus-

specific DNA sequences was developed. This method involved the
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saturation of all virus-specific DNA sequences by an excess of a
3H-labeled DNA which was complementary to the AMV (avian myelo-

blastosis virus) genome. The results from this approach are discussed

below.

Hybridization of Excess 3H-Labeled AMV DNA with Cellular

DNA. The experiments described here involve the use of not only a

new type of hybridization system, but also a different probe for the

detection of viral sequences. The probe used was a 3H-labeled DNA

which had been synthesized using the viral RNA genome as a template.

It therefore represents a 3H-labeled DNA complementary copy of the

viral genome. It will be referred to as AMV DNA. Before this

probe could be used it was necessary to demonstrate that it was

indeed complementary to the viral genome. To do this, a small

amount of the 3H-labeled AMV DNA was hybridized to an excess of

unlabeled AMV RNA. The results, as shown in Figure 16, demon-

strated that at least 90% of the AMV DNA was complementary to and

would hybridize with AMV RNA. Furthermore, the 1 /2Cot of the

reaction was approximately 2 x 10-2 which was consistent with the

complexity of the viral genome.

Although the previous experiment demonstrated that 90% of

3H-DNA would hybridize to viral RNA, it was still necessary to

determine if the entire viral genome was represented equally in the

AMV DNA probe. To determine this, increasing amounts of the
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3H-labeled AMV DNA were mixed with a constant amount of 125I-

labeled AMV RNA and incubated to saturation. The results are

shown in Figure 17. At a four to one ratio of 3H-labeled AMV DNA to

125 I-labeled AMV RNA, 60% of the labeled RNA was protected by the

AMV DNA from degradation by RNase A. Addition of greater amounts

of AMV DNA failed to protect any more of the 125I-labeled AMV RNA.

These results indicated that the AMV DNA probe was no more than

four-fold redundant with respect to any of the viral sequences

represented by that 60% of the viral genome which hybridized with

the 3 H-labeled AMV DNA probe. These results are consistent with

those reported by others (Tereba et al., 1975).

The fact that only 60% of the
125 I-labeled AMV RNA was pro-

tected by the AMV DNA probably reflects an inconsistency in the

remaining 40% of the
125 I AMV RNA rather than the actual absence of

these sequences from the AMV DNA probe. It is unlikely that 60% of

the viral genome could be copied with a less than four-fold redundancy

of any one region, while at the same time, the remaining 40% of the

genome was not copied at all.

The final step in the development of this hybridization system

was to demonstrate that when an excess of the 3 H-labeled AMV DNA

probe was added to a given amount of erythrocyte DNA, it could

hybridize to all of the virus-specific DNA sequences it contained.

Figure 18 shows the results of such an experiment. In this experiment
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Figure 17. Hybridization of 1251-labeled AMV RNA with increasing

amounts of 3H-labeled AMV DNA. The mass ratio of

31-I-labeled AMV DNA to 1251-labeled AMV RNA is indi-

cated on the x-axis. The percent of the 125I-labeled AMV

RNA protected from ribonuclease A at each of the DNA:

RNA ratios is indicated on the y-axis. All points repre-

sent saturation levels of hybridization,
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Figure 18. Hybridization of excess 3H-labeled AMV DNA to undigested "leukemic" erythrocyte DNA

(circles) and to a 1:1 dilution of "leukemic" erythrocyte DNA (triangles). The percent

hybridization was estimated from the fraction of the 3H-labeled AMV DNA resistant to

degradation by S1 nuclease.
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1.0 ng of AMV DNA (20, 000 cpm) was mixed with an amount of

"leukemic" erythrocyte DNA (6 lag) which was estimated to contain

approximately 0.05 ng of virus-specific DNA. The amount of AMV

DNA incorporated into hybrids increased with time until a saturation

level was reached at about 12 hr. Thereafter, the amount of AMV

DNA hybridized remained constant at about 1100 cpm. Since both the

specific activity of the
3 H-labeled AMV DNA and the concentration of

the leukemic erythrocyte DNA were known, it was possible to calcu-

late what fraction of the leukemic erythrocyte DNA was hybridized.

This number (0.0009%) was in turn used along with the molecular

weight of the viral genome (3.5 x 106) to calculate the number of viral

genomes present in the leukemic erythrocyte genome. On the basis

of such a calculation, the leukemic erythrocyte genome was estimated

to contain 4.7 viral genomes per cell. Inherent in this calculation is

the assumption that the AMV DNA probe equally represents the viral

genome. In addition, the estimate that the AMV genome is only 70%

cross-homologous with the endogenous RAV-0 genome (Shoyab et al.,

1974b) was taken into consideration. The accuracy of this number is,

therefore, dependent not only on the accuracy of the experiment, but

also on the validity of these two assumptions.

One technical problem that was experienced with this hybridiza-

tion system concerned the self-complementarity of a small fraction

of the AMV DNA probe. When the AMV DNA was incubated by itself
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under conditions identical to those used in the hybridization reactions,

a small fraction (2-3%) of the probe became resistant to S1 nuclease.

Since this self-annealing component of the probe behaves consistently

from reaction to reaction, and since efforts to remove this component

by hydroxyapatite chromatography have not yet been successful, a

background, accounting for this component, was subtracted from all

data presented here,

Effect of Nuclease Di es Lion on
Integrated Viral Sequences

Methods to detect and quantitate integrated proviral sequences

of the RNA tumor viruses were described in the previous section,

These methods were used to follow the fate of the integrated viral

sequences upon in situ digestion of chromatin which contained these

sequences in various states of transcriptional activity. The first

experiment involved the transcriptionally inactive viral sequences

(RAV-0) found in normal chicken erythrocytes.
5

Dettsti. SequencesiaELyy
12

throe te DNA with I-

Labeled RAV -O RNA, Erythrocyte nuclei were isolated and digested

by micrococcal nuclease. Four aliquots of the digestion reaction

were removed at various times and the DNA was extracted from each

aliquot. Analysis of the kinetics of the digestion reaction revealed that

the aliquots had been removed at times corresponding to zero, 15%,
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34%, and 54% digestion of the chromatin DNA. The four DNA fractions

were fragmented as described previously in order to allow comparison

of their hybridication rates. The results of the fragmentation process

are shown in Figure 19. All DNAs were reduced to an average frag-

ment length less than 300 base pairs. The relative concentration of

viral sequences in each DNA fraction was then determined by hybri-

dizing 125 I-labeled AMV RNA to an excess of each DNA. If the

transcriptionally inactive viral sequences in the erythrocytes were

either more or less suceptible than the total cellular sequences to

micrococcal nuclease digestion, then the relative concentration of the

viral sequences in the DNA remaining after various degrees of

digestion would be expected to vary.

A comparison of the hybridization of the undigested RNA and the

50% digested DNA (i.e., that DNA remaining after 50% of the chroma-

tin DNA had been solubilized) to the 1251 labeled RAV -O RNA is

shown in Figure 20. Again, only a low level of the iodinated RNA

probe was hybridized. The curves representing the two different

types of DNA are very similar for Cot values between 2 x 102 and

6 x 103, but they diverge significantly at Cot values below and above

this range. For example, the hybridization of the 50% digested DNA

appeared to continue at an undiminished rate beyond a Cot value at

which the hybridization of the undigested DNA had reached a plateau

level. The explanation for the extended hybridization at high Cot
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Figure 19. Polyacrylamide gel patterns of micrococcal nuclease-
resistant myeloblast DNA before (left) and after (right)
mechanical shearing. The length (in base pairs) of the
DNA in selected band was determined by comparison
with a Hae III - PM 2 digest (not shown).
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Figure 20. Hybridization kinetics of 1251-labeled RAV -O RNA with an
excess of total (circles) or micrococcal nuclease-resistant
(triangles) DNA of normal chicken erythrocytes. Percent
hybridization was estimated from the fraction of 1251-labeled
RAV -O RNA resistant to degradation by Si-nuclease.
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values of the 50% digested DNA may be related to the very small size

of the DNA fragments. Figure 19 shows that a considerable fraction

of the 50% digested DNA is less than 100 base pairs in length.

Smaller DNA fragments are known to hybridize more slowly than

larger fragments (Wetmur and Davidson, 1968), This fact was

verified by determining the rate of reassociation of both the undigested

and 50% digested DNA fragments as shown in Figure 21. The resuL:s

shown here indicated that the 50% digested DNA reassociated at a

slower rate than the undigested DNA. In addition, at a Cot of 104,

there was still a significant fraction of the 50% digested DNA that was

single-stranded and therefore available for hybridization with the

125 I RNA probe. This fact accounts for the continued hybridization of

the 50% digested DNA beyond a Cot value of 104.

Since the hybridization of the digested DNA occurred so slowly,

a plateau level of hybridization was not established. As a result, a

1 /2Cot for this reaction could not be accurately determined. In the

absence of a 1/2Cot value for the 50% digested DNA, it was impossible

to accurately quantitate and compare the number of viral sequences in

the two types of DNA. Instead, the results could only be interpreted

in a qualitative way. Since the two Cot curves were almost identical

between Cots of 2 x 102 and 6 x 103 and, since only about 20% of the

50% digested DNA remained single-stranded at a Cot of 104, the

general impression given by these data was that there had been no
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Figure 21. Reassociation kinetics of undigested (circles) and micro-
coccal nuclease-resistant (triangles) DNA of normal
chicken erythrocytes. The nuclease-resistant DNA

represents that 50% remaining after extensive digestion.

The percent reassociation was estimated by frac-
tionating each reaction on hydroxyapatite as described
in the Methods.
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significant enrichment nor depletion of the viral sequences in the

digested DNA. However, this was only a tentative conclusion since

it was possible that small differences in amounts of viral sequences

contained in the two DNAs were not detectable by the hybridization

system being used. Therefore, additional experiments were devised

in an effort to accentuate possible differences in the nuclease sus-

ceptibility of the viral sequences to the point that they could be

detected by this hybridization system.

Hybridization of 125 I RNA to Agarose Column Fractions of

Partially Digested Erythrocyte Chromatin. The following experiment

was designed to further investigate the possibility that the transcrip-

tionally inactive viral sequences found in normal avian erythrocytes

were preferentially protected from micrococcal nuclease digestion.

Protection of these sequences could result from one of two levels of

structural organization of chromatin. At the simplest level, the

structure of the chromatin subunits containing the viral sequences

might in themselves be different. This difference could result in a

reduced susceptibility of these subunits to nuclease attack. At a

higher level, the organization of a series of identical subunits i.Lto

higher-order structure, for example, a condensed conformation of

chromatin, could result in the protection of those DNA sequences

involved. To test the latter possibility, partially digested erythrocyte

chromatin was fractionated into three components on the basis of the
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size of the chromatin fragments. This separation was accomplished

by chromatography of the partially-digested chromatin on an agarose

column as discussed previously. The largest chromatin fragments

(multimers) that were fractionated by this method had survived to this

point because they were presumably slightly less susceptible to

nuclease digestion than those fragments which were present as inter-

mediate or monomer fragments. For example, these multimer frag-

ments could have been in a condensed state in the nuclei. Therefore,

if the viral sequences were protected from nuclease digestion as a

result of being packaged into some type of condensed conformation of

chromatin, then these sequences might be expected to be present at a

higher relative concentration in the multimer fraction. The elution

profile of partially digested erythrocyte chromatin from a Biogel A5m

column is shown in Figure 22, Fractions corresponding to the multi-

mer region of the profile were pooled as indicated and the DNA was

extracted. Intermediate and monomer DNA was prepared in a similar

manner. These three DNA fractions were fragmented to comparable

sizes and hybridized to 125 I-labeled RAV-0 RNA. The level of

hybridization achieved by each DNA fraction at a Cot of 2 x 103 (the

approximate 1/2Cot for the reaction) is shown in Figure 22, The

multimer DNA fraction did not hybridize a significantly higher amount

of the iodinated RNA probe. Therefore, these results did not appear

to support the hypothesis that the transcriptionally inactive viral
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Figure 22. Results of hybridization of 125I-labeled RAV -O RNA
with excess DNA isolated from agarose A 5m column
pools. The elution profile of the partially-digested
chromatin fragments from an agarose A 5m column is
shown above. Individual column fractions were pooled
as indicated and the DNA isolated from each pool was
hybridized as indicated. The percent hybridization was
estimated from the fraction of the 1251- labeled RAV -O
RNA resistant to degradation by a mixture of ribonuclease
A and T1.
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sequences were preferentially associated with a condensed region of

chroma tin.

Detection of Viral Sequences in Erythrocyte DNA by Saturation

with Excess 3H-Labeled AMV DNA. The hybridization of excess cellu-

lar DNA to 125I-labeled viral RNA did not give definitive results for

the reasons discussed previously. Therefore, an alternative hybridiza-

tion procedure involving the use of excess amounts of 3 H-labeled

AMV DNA was used to more accurately determine the concentration

of viral sequences in different DNA fractions. The first DNAs to be

compared by this method were the undigested and 50% digested DNA

resulting from the micrococcal nuclease digestion of normal erythro-

cytes. The details of this hybridization system have been discussed

previously. Briefly, a small amount of each DNA (6 14) was mixed

with an amount of 3H- labeled AMV DNA probe that was estimated to

represent a 20-fold excess of viral sequences over those present in

the cellular DNA. The amount of hybridization of the excess AMV DNA

by the cellular DNA was then determined at various times between

zero and 48 hr. The results are shown in Figure 23. Both the

undigested and the 50% digested DNAs hybridize the same amount of

3H-labeled AMV DNA probe at saturation. This indicates that the

relative concentration of viral sequences was the same in both DNAs.

Therefore, the transcriptionally inactive viral sequences in normal
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erythrocytes are not preferentially susceptible or resistant to micro-

coccal nuclease digestion.

These results confirm the previous qualitative results obtained

with the 125 1-labeled viral RNA probe. In addition, the saturation

results make it possible to easily quantitate the number of viral

sequences contained in each DNA fraction (see previous section).

For example, the amount of AMV DNA hybridized by the normal ery-

throcyte DNA corresponds to the presence of approximately 2. 7 viral

genomes per cell.

Comparison of undigested and 50% digested normal erythrocyte

DNA by saturation hybridization indicated that the viral sequences in

these cells were degraded by micrococcal nuclease at the same rate

as bulk cellular sequences. This in turn, indicates that the structure

of the chromatin that contained the transcriptionally inactive viral

sequences was probably identical to that containing the bulk of the

cellular sequences. The next step was, therefore, to investigate the

structure of the chromatin containing transcriptionally active viral

sequences. The leukemic myeloblast is an example of a cell which

contains transcriptionally active proviral DNA (AMV) within its

genome. In the next section, the saturation hybridization system was

used to determine the effect of nuclease digestion upon the viral

sequences in three different types of cells; normal erythrocyte
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" leukemic" erythrocytes (erythrocytes from chickens suffering from

avian myeloblas tic leukemia), and leukemic myeloblasts.

Effect of Nuclease Digestion on the Viral Sequences in Normal

Erythrocytes, "Leukemic" Erythrocytes, and Leukemic Myeloblasts,

The origin of the three types of avian cells that were investigated, as

well as the kinds of viral sequences they contain, is illustrated in

Figure 24. Mature chicken erythrocytes do not synthesize either DNA

or RNA, Therefore, the endogenous viral sequences contained in

normal erythrocytes (RAV -O) can be thought of as being transcrip-

tionally inactive. The mature erythrocytes isolated from a chicken

which has been inoculated with AMV, and has developed avian myelo-

blastosis disease as a result, are also inactive in RNA and DNA

synthesis. These cells, referred to as "leukemic" erythrocytes,

contain the endogenous RAV -O sequences as well as additional AMV

sequences which were inserted into the genome as a result of the

infection (Shoyab et al., 1974b). The RAV-0 and AMV sequences in

this cell are also transcriptionally inactive. Leukemic myeloblas

are transformed, immature leukocytes that are found in the peripheral

blood of a chicken suffering from avian myeloblastosis disease, Vie

myeloblast is the target cell of the avian myeloblastosis virus and

contains newly integrated AMV sequences in its genome in addition to

the endogenous RAV -O sequences. The AMV sequences are known

be expressed, or transcriptionally active, in that new virus particles
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are continually being released by these cells at a rate of about 30

particles per cell per hour (Beaudreau et al., 1960).

Nuclei from these three types of cells were digested with micro-

coccal nuclease and DNAse I. The effect of the digestion on the viral

sequences in each cell was determined by assaying various nuclease

resistant DNA fractions for the presence of viral sequences by the

saturation hybridization system. The results of these experiments

are shown in Tables 2, 3, and 4. Table 2 deals with the micrococcal

nuclease and DNase I digestion of normal erythrocyte nuclei. Four

aliquots of the digestion reaction were removed at various stages

during the digestion and the DNA was extracted from each. The

corresponding percent digestion represented by each DNA fraction was

determined by measuring the perchloric acid solubility of the DNA as

previously described. The amount of AMV DNA probe hybridized by

each DNA fraction was corrected for the self-annealing component of

the probe and adjusted to the amount hybridized by 6 p.g of DNA of

cell DNA. Since the specific activity of the probe was known (2 x 107

cpm/p.g DNA), the data were also expressed in terms of the number

of pg of AMV DNA hybridized per p.g cellular DNA. Finally, us ing the

molecular weight of the viral genome (3.5 x 106 daltons), the data were

expressed in terms of the number of viral genomes per 2.4 x 10-6 p.g

DNA (the weight of one erythrocyte genome). In the case of the zero-

time digest, this number corresponds to the number of viral genomes

per cell.



Table 2. Hybridization of excess H3 AMV DNA with nuclease-resistant DNA from normal
erythrocytes.

Digestion
time

(min)
Digestiona

cpm H3 AMV DNA
hybr idizedb

pg AMV DNA Hyb.
per µg cellular

DNAc

Viral genome equivalents
per 2.4 x 10-6

p.g DNAd

Micrococcal nuclease

0 0 570 4.8 2.9

2 13 502 4.2 2.4

10 33 523 4.4 2.6

60 54 610 5.1 3.0

DNase I

0 0 526 4.4 2.6

1 18 496 4.1 2.4

8 50 465 3.9 2.3

45 82 1053 8.8 5.1

aExtent of digestion was estimated by determining the percent of the DNA soluble in 0.2 N perchloric

acid.
bNumber of cpms of H3 AMV DNA hybridized corresponds to saturation values obtained after 24 hr

of incubation. All reactions contained 20,000 cpms of H3 AMV DNA and approximately 6.0 p,g

cellular DNA.
cSpecific activity of the H3 AMV DNA was 2 x 107 cpm/p.g.

Calculations were based on a 70% cross-homology between the AMV and the RAV -O genomes. The
molecular weight of the viral genome was estimated to be 3.5 x 106 daltons.

d



Table 3. Hybridization of excess 113 AMV DNA with nuclease-resistant DNA from "leukemic"
erythrocytes.

Digestion
time
(min) Digestiona

corn H3 AMV DNA
hybridizedb

pg AMV DNA hyb. Viral genome ecT Eivaient

per µg cellular per 2.4 x 10
DNAc µg DNAd

Micrococcal nuclease

0 0 10 93 9.1 4.7
2 13 869 7.2 3.5

10 33 649 5.4 3.1
60 55 601 5.0 3.0

DNAse I

0 0 1142 9.5 4.8
45 sec 18 1348 11.2 5.5

5 43 1354 11.3 5.6
30 75 1727 14.4 6.8

aExtent of digestion was estimated by determining the percent of the DNA soluble in 0.2 N perchloric
acid.

bNumber of cpms of H3 AMV DNA hybridized corresponds to saturation values obtained after 24 hr
of incubation. All reactions contained 20,000 cpms of H3 AMV DNA and approximately 6.0
cellular DNA.

CSpecific activity of the H3 AMV DNA was 2 x 107 cpm/p,g.
dCalculations were based on a 70% cross-homology between the AMV and the RAV -O genomes The
cells were assumed to have the same number of endogenous RAV -O genomes as detected in normal

6erythrocytes. The molecular weights of the viral genomes were estimated to be 3.5 x 106 daltons,



Table 4. Hybridization of excess H3 AMV DNA with nuclease-resistant DNA from leukemic myelo-
blasts.

Digestion 3
pg AMV DNA hyb. Viral genome equivalents

cpm H AMV DNA
time per µg cellular per 2.4 x 10-6

Digestion a hybridizedb
min DNAc pg DNAd

Micrococcal nuclease

0 0 2634 22.0 10.0
2 14 2102 17.5 8.1

10 34 1672 13.9 6. 6

60 55 1484 12.3 6.8

DNAse I

0 0 2550 21.3 9.7
45 sec 20 2369 19.7 9.0

5 66 3226 26.9 12.0
30 94 9424 78.5 33.3

aExtent of digestion was estimated by determining the percent of the DNA soluble in 0.2 N perchloric
acid.

bNumber of cpms of H3 AMV DNA hybridized corresponds to saturation values obtained after 24 hr
of incubation. All reactions contained 20,000 cpms of H3 AMV DNA and approximately 6.0 lig
cellular DNA.

cSpecific activity of the H3 AMY DNA was 2 x 107 cpm /µg.

Calculations were bawed on a 70% cross-homology between the AMV and the RAV -O genomes. The

cells were assumed to have the same number of endogenous RAV-0 genomes as detected gn normal
erythrocytes. The rno1ec',71ar weights of the viral genomes were estimated to be 3.5 x 10 daltons.

d
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The data for the leukemic erythrocytes and myeloblasts are

presented in an analogous manner in Tables 3 and 4. For easy com-

parison of the results from all three different types of cells, the

results are summarized in Table 5. The most obvious result shown

in Table 5 is that there is an increase in the number of viral sequences

contained in the three types of cells (see zero-time digests) going

from normal erythrocytes, to "leukemic" erythrocytes, to leukemic

myeloblasts. These data indicate that normal erythrocytes contain

approximately three genomes per cell, and leukemic myeloblasts

approximately 10 genomes per cell. This increase reflects the addi-

tion of exogenous proviral AMV sequences to the leukemic cells as a

result of the infection by the virus. These calculations were based on

the assumption that (1) all three cells contain the same level of

endogenous RAV -O sequences (2. 8 viral genomes per cell), and

(2) that the 3 H-labeled AMV DNA probe is 70% homologous to the

RAV -O genome.

Examination of these data reveals some interesting results in

terms of the effect of nuclease digestion on the viral sequences in

each type of cell. Consider first the results of the DNase I digestions.

After extensive digestion (75%) of all three cells by DNase I, there

appears to be a tremendous enrichment in the relative concentration

of viral sequences in the remaining nuclease resistant DNA. This

apparent enrichment was, however, shown to be an artifact of the



Table 5. Summary of the relative concentration of virus-specific DNA sequences in the nuclease-
res istant DNA of three avian cells.

Normal erythrocytes "Leukemic" erythrocytes Leukemic m eloblasts
%

Digestion
Viral genomes per
2.4x 10-6 i.ig DNAa

% Viral genomes per
Digestion 2.4x 10-61.ig DNAa Digestion

Viral genomes per
2. 4x 10-613.g DNAa

Micrococcal nuclease

0 2. 9 0 4.7 0 10.0
13 2.4 13 3.5 14 8.1
33 2.6 33 3.1 34 6.6
54 3.0 55 3.0 55 6.8

DNAse I

0 2.6 0 4.8 0 9.7
18 2.4 18 5.5 20 9.0
50 2.3 43 5.6 66 12.0
82 5.1 75 6.8 94 33.0

aCalculations were based on the assumption that the H3 AMV DNA probe was equally representative
of the entire viral genome and that the AMV and RAV- 0 genomes are 70% cross-homologous.
Also, the "leukemic" erythrocytes and the leukemic myeloblasts were assumed to have the same
number of endogenous viral sequences (RAV-0) as were detected in the normal erythrocytes.
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very small size of the DNA fragments (10 base pairs) which result

from extensive digestion by DNase I. Because of the presence of

these very small DNA fragments, which appear to bind nonspecifi-

cally to the probe, it was impossible-to determine the fate of viral

sequences upon extensive digestion by DNase I. However, at early

stages of the DNase I digestions, these very small DNA fragments

were not present and comparisons could be made. These compari-

sons do not appear to reveal any significant depletion or enrichment

of the viral sequences with digestion in any of the cells studied.

Therefore, under the conditions used here for the digestion of

chromatin by DNase I, it does not appear that either transcriptionally

active or inactive viral sequences are differentially susceptible to

digestion by DNase I.

In contrast to the lack of differences between the results of the

DNase I digestions of the three types of cells, the micrococcal

nuclease digestions resulted in striking differences. As indicated

earlier, the transcriptionally inactive RAV -O sequences in the normal

erythrocytes were digested at a rate proportional to that at which

cellular sequences were digested. That is, the relative concentration

of viral sequences in this system remained constant in all four DNA

fractions examined. This is in contrast with the results of micro-

coccal nuclease digestion of "leukemic" erythrocyte nuclei which

indicate a preferential loss of viral sequences throughout the digestion.
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The concentration of viral sequences falls from 4.7 genomes per 2.4 x

10_6 tig DNA in the undigested DNA to 3.0 genomes per 2,4 x 10-6 1.kg

DNA in the 50% digested DNA. This result suggests that some of the

viral sequences present in the leukemic erythrocytes are more

susceptible to micrococcal nuclease digestion than are the cellular

sequences, It is also interesting to note that the final relative con-

centration of the viral sequences in the "leukemic" erythrocyte, 3.0

genomes per 2.4 x 10-6 1.tg DNA, is the same as to the final concentra-

tion of micrococcal nuclease digested normal erythrocytes. This

result is compatible with the idea that the endogenous RAV -O

sequences in both cells are equally resistant to micrococcal nuclease

digestion while the additional AMV sequences in the leukemic erythro-

cyte are completely susceptible to digestion.

Finally, micrococcal nuclease digestion of leukemic myelo-

blas ts indicates that the viral sequences present in this cell are also

preferentially susceptible to digestion. The relative concentration of

the viral sequences in this cell decreased from 10 viral genomes per

2.4 x 10-6 p.g of undigested DNA to 6.8 viral genomes per 2,4 x 10-6

[ig of extensively digested DNA. This result suggests that the trans-

criptionally active viral sequences in this cell are in a structurally

different conformation of chromatin as compared to most of the

cellular DNA sequences, and that this difference is reflected in the

increased susceptibility of the viral sequences to nuclease digestion,



108

The fact that the final relative concentration of the viral sequences

in the extensively digested myeloblast chromatin (6.8 genomes per

2.4 x 10-6 µg DNA) is higher than the final concentration of the RAV -O

sequences in extensively digested normal erythrocyte chromatin (3,0

genomes per 2.4 x 10-6 p.g DNA) suggests that not all of the newly

integrated AMV sequences in the myeloblasts were completely

susceptible to digestion.

The significance of these results with respect to the possible

role of chromatin structure in the regulation of gene expression is

considered in the Discussion.
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DISCUSSION

The initial phase of the work presented here involved the

characterization of the products of the nuclease-digestion of chicken

erythrocyte chromatin. This demonstrated that nuclease-digestion of

chromatin was a useful probe for the structure of chromatin. The

technique of nuclease-digestion was used along with that of nucleic

acid hybridization to determine the nuclease-susceptibility of trans-

criptionally active and inactive DNA sequences in chromatin. By

determining the nuclease-susceptibility of these functionally different

DNA sequences, it was possible to draw inferences concerning the

structural organization of the region of chromatin in which they were

located.

The in situ digestion of chicken erythrocyte chromatin by micro-

coccal nuclease revealed many of the basic, structural features of

chromatin. The detailed results of this work have been published

(Shaw et al., 1975; Van Holde et al., 1975; Shaw et al., 1976), and

therefore, only a brief description of these results will be mentioned

here. The nuclease-digestion studies revealed that chicken erythro-

cyte chromatin is organized on the basis of a subunit structure which

is repeated every 180 base pairs along the DNA molecule. Of the 180

base pairs of DNA comprising each subunit, 140 base pairs are

intimately associated with the inner histone core of the subunit and are
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relatively resistant to digestion by micrococcal nuclease. The remain-

ing 40 base pairs of DNA (spacer DNA) lie between adjacent core

particles and are much more susceptible to nuclease digestion than

the core DNA. These two distinct components of the repeating

chromatin subunit were suggested by experiments in which the sizes of

the nuclease-resistant DNA fragments corresponding to dimer,

trimer, and tetramer chromatin particles were seen to gradually

decrease with increasing digestion times (Fig. 5), The average size

of the spacer DNA was determined by comparing the size of the core

DNA with the sizes of the dimer, trimer, and tetramer fragments

which had been extrapolated back to zero digestion time (Table 1), In

addition to this work, the digestion of histone H1- and H5-depleted

chromatin resulted in additional evidence in support of spacer-core

concept of the chromatin subunit. A DNA fragment measuring 140

base pairs was the largest distinct fragment that was observed

(Fig. 12B). This work, along with that indicating that HI and H5 are

not associated with core particles, strongly suggests that these two

histones are primarily associated with the spacer regions of chroma-

tin. In this position, histones HI and H5 could account for the slower

rate of digestion of native chromatin as compared to that seen with

H1- and H5-depleted chromatin (Fig, 11).

Two different nucleases were used in these studies, micrococcal

nuclease and pancreatic DNase I. Of the two, only micrococcal
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nuclease seems to recognize the protective features of the core

particle on the DNA that is associated with it.. It is interesting to note

that the chromatin of both erythrocyte and myeloblast nuclei were

digested at the same rate and to the same limit by micrococcal nuclease

even though the chromatin of the two cells are functionally very

different. The chromatin of the erythrocyte is completely inactive in

terms of DNA replication and transcription (Williams, 1972) and

appears to be entirely condensed. In contrast, the myeloblast chroma-

tin is very active in both DNA replication and transcription. In

addition, the chromatin in myeloblast nuclei appears to be much less

densely packaged than that in erythrocyte nuclei. The fact that the

kinetics of the digestion of both of these nuclei are identical indicates

that while micrococcal nuclease is cognizant of the basic chromatin

subunit, it does not seem to be capable of distinguishing between

regions of condensed and extended chromatinthat is, higher levels

of organization in chromatin.

DNase I differs drastically from micrococcal nuclease in the

way that it attacks chromatin. It does not generate a significant popu-

lation of nuclease-resistant DNA fragments corresponding to the basic

chromatin subunit (Fig. 8), and it will digest essentially all of the

chromatin DNA if given enough time (Fig. 3), This nuclease does,

however, seem to distinguish between condensed and extended con-

formations of chromatin in that the myeloblast chromatin was digested
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much faster than the erythrocyte chromatin (Fig. 3). These two

nucleases were shown later to have very different effects upon the

virus-specific DNA sequences in avian cells.

The second part of this study involved the development of a

nucleic acid hybridization system which was sensitive enough to detect

the RNA tumor virus-specific DNA sequences present in the genome

of chicken erythrocytes and myeloblasts. Two different hybridization

techniques were tested. One hybridization system involved the hybrid-

ization of a vast excess of cellular DNA to
125 I-labeled RAV -O RNA.

This system was of limited value for several reasons. The maximum

amount of hybridization of the 1251 RAV -O RNA that was obtained with

this system was only about 20-30%. In addition, in the case of the

extensively digested DNA, it was impossible to achieve a plateau level

of hybridization, even after extremely long incubation times. In the

absence of a well-defined plateau level of hybridization, it was diffi-

cult to determine an accurate 1/2Cot value for the hybridization of

each DNA fraction. Since the interpretation of the data from this type

of hybridization technique is dependent primarily upon the attainment

of an accurate 1 /2Cot value (the 1/2Cot value reflects the rate at

which a given sequence hybridizes, which in turn can be used to

determine the relative concentration of that sequence with respect to

the other DNA sequences), it was difficult to obtain quantitative

results from this approach.
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The primary reason for the inadequacy of this hybridization

system involves the nature of the DNA fragments which were used in

the hybridization reactions. The DNA fragments resulting from the

extensive digestion of chromatin were very small (Fig. 19). Because

these DNA fragments are small (approximately 50, 000 daltons), the

hybridization reactions proceeded slowly. For example, in the case

of the extensively digested DNA fraction, approximately 20% of the

DNA failed to reassociate even at Cot values greater than 10 4 (Fig.

21). The failure of this fraction of the digested DNA fragments to

reassociate may account, in part, for the failure of the hybridization

reaction to reach a well-defined plateau value. Generally, the small

size of the DNA fragments involved was largely responsible for the

difficulty in accurately quantitating the concentration of viral sequences

in the different fractions by a hybridization technique which was based

primarily on the measurement of the rate at which those sequences

hybridized.

The other hybridization technique that was used in this work

involved the saturation of all of the virus-specific DNA sequences in

the cell's genome by an excess of 3H-labeled AMY DNA. This

approach proved to be far superior to that involving the 125 I-labeled

RAV -O RNA. The main advantage of this system was that it was not

critically dependent upon the rate at which the virus-specific DNA

sequences hybridized. Rather, this system was dependent only on
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being able to completely saturate all of the virus-specific DNA

sequences present in the cell DNA. To this end, an excess of 3
T-1.-

labeled AMV DNA was hybridized to a small amount of cellular DNA.

-Under these conditions, the rate of the hybridization reaction is

dependent only upon the concentration of the excess AMV DNA probe.

Since the AMV DNA probe is in excess, the virus-specific DNA

sequences are hybridized very quickly--before a significant portion

of the unique cellular DNA sequences has begun to reassociate. In

this way, it is possible to hybridize all of the virus-specific DNA

sequences with the 3 H-labeled AMV DNA probe. After approximately

12 hr, essentially all of the virus-specific DNA sequences had been

saturated with the AMV DNA probe as indicated by the failure of

additional AMV DNA to hybridize with the cell DNA (Fig. 18). This

hybridization system was especially convenient in that the concentra-

tion of the virus-specific DNA sequences could be calculated directly

from the amount of AMV DNA probe which hybridized.

The hybridization of an excess of 3H-labeled AMV DNA to the

total undigested DNA of normal erythrocytes, "leukemic" erythro-

cytes, and leukemic myeloblasts revealed that each of these cells

contained a different number of virus-specific DNA sequences (Table

5), The normal erythrocytes were shown to contain 2.9 viral genomes

per cell (assuming a molecular weight of the viral genome of 3. 5 x

10
6 daltons). The virus-specific DNA sequences in this cell
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correspond to the endogenous RAV -O sequences. The cells obtained

from chickens which had been infected by avian myeloblastosis virus,

the "leukemic" erythrocytes and leukemic myeloblasts, were shown

to contain additional virus-specific DNA sequences, 4.7 and 10.0

viral genomes per cell respectively. This increase in the number of

virus specific sequences following infection with AMV undoubtedly

reflects the addition of viral sequences to the cell's genome.

The fact that the transformed myeloblast was shown to contain

more virus-specific sequences (presumably AMV sequences) than the

erythrocytes from AMV-infected chickens, is worth noting. The

significance of this result in terms of how the virus is able to cause

transformation in one cell, the myeloblast, while the immature forms

of the red blood cell series appear to be unaffected, is worth further

consideration. It would be of interest to determine if some of the

newly integrated AMV sequences in the myeloblast (for example, the

hyophetical "leukosis gene" which is thought to be responsible for the

transforming capabilities of this virus) are absent in the genome of the

"leukemic" erythrocyte. If this were the case, then the difference

between target and nontarget cells, in reference to virus transforma-

tion, would appear to involve the process of integration of the proviral

sequences into the infected cell's genome. For example, perhaps the

"leukosis gene" is never integrated into the genome of the "leukemic"

eruthrocyte even though other portions of the AMV genome are
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inserted. On the other hand, if all of the viral sequences present in

the leukemic myeloblast are also present in the "leukemic" erythro-

cyte, then it would appear that control of the inserted viral sequences

must be affected at some point beyond the integration event--perhaps

at the level of transcription. Further work aimed at characterizing

the newly added viral sequences in these two cells is now in progress.

In determining the concentrations of the virus-specific DNA

sequences in each of the above cells, several assumptions were

necessary. First, the 3H-labeled AMV DNA probe was assumed to be

fully and equally representative of the entire AMV genome. Second,

the "leukemic" erythrocyte and leukemic myeloblast were assumed to

contain the same number of endogenous RAV -O sequences as were

found to be present in the normal erythrocytes. This assumption

becomes important in taking into consideration the fact that the AMV

genome from which the probe was prepared is only approximately 70%

homologous with the RAV -O genome (Shoyab et al., 1974b).

The results reported here for the number of viral genomes con-

tained in normal and virus-infected cells are in general agreement

with those reported by others. The number of viral genomes reported

in normal cells has ranged from one to 15 copies per cell (Baluda,

1972; Varmus et al., 1974; Wright and Neiman, 1974; Tereba et al ,

1975). These differences undoubtedly reflect differences in the

various types of hybridization systems which were used to detect the
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viral sequences. Tereba et al. (1975) have hybridized excess cell

DNA to 3H -RAV -O RNA and concluded that approximately one copy of

the RAV -O genome is present in each cell. By hybridizing an excess

of
3 H-AMV RNA to cell DNA immobilized on filters, Baluda (1972)

has estimated that normal cells contain between 1.7 and 4.6 viral

genomes per cell. However, this estimate was based on a molecular

weight of the virus genome of 10 x 106 daltons. Baluda has since

shown that the complexity of the viral genome is closer to 3.5 x 106

daltons (Baluda et al., 1974). Therefore, when corrected to the

currently accepted value for the molecular weight of these viruses,

3.5 x 106 daltons, Baluda's estimates are somewhat higher than those

reported here. Varmus et al. (1974), using a variety of different

hybridization techniques, have estimated that the number of viral

sequences in normal cells is something less than five copies.

The results reported here which indicate that additional virus-

specific sequences are added to the cell's genome upon virus-infection

are also in agreement with those reported by others. Several groups

have reported a two- to several-fold increase in the number of viral

genomes present in cells following infection by RNA tumor viruses

(Schincariol and Joklik, 1973; Shoyab et al., 1974a; Varmus et al.,

1974).

The final phase of this work involved the use of both nuclease

digestion and hybridization techniques to determine the
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nuclease-susceptibility of virus-specific DNA sequences in the chroma-

tin of normal and virus-infected cells. By selecting cells in which the

virus-specific sequences were in various states of transcription

activity, it was possible to demonstrate differences in the structural

organization of transcriptionally active and inactive regions of chroma-

tin. Before considering the results of these studies, a few words are

in order concerning the cell-types which were selected for study, and

the functional state of the viral DNA sequences they contained.

Three types of cells were used. The first two, the normal and

"leukemic" erythrocytes, were functionally identical cells except that

the "leukemic" erythrocytes contained AMV-specific DNA sequences

in addition to the endogenous RAV -O sequences. Avian erythrocytes

are mature, fully-differentiated red blood cells which have lost their

ability to replicate DNA, transcribe messenger RNA, and synthesize

protein (Williams, 1972). Therefore, all DNA sequences in these

cells are transcriptionally inactive. However, care must be taken

not to equate the lack of transcription of a given DNA sequence with the

presence of that sequence in a transcriptionally inactive conformation

in chromatin. For example, a DNA sequence in these cells might

exist in a type of chromatin structure which would allow for the

transcription of that sequence to occur if the synthetic machinery,

such as RNA polymerases etc., were available. However, since RNA

polymerases and other factors necessary for transcription have been
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lost in these fully-differentiated cells, these DNA sequences would

remain transcriptionally inactive. In essence then, it is not known

whether an avian erythrocyte becomes transcriptionally inactive as a

result of a change in the conformation of its chromatin, as the result

of the loss of those functional proteins necessary for transcription,

or by some other mechanism, If the genome is inactivated as a result

of the loss of vital functional proteins necessary for transcription,

then the once-actively transcribed DNA sequences might be left in a

transcriptionally active conformation of chromatin even though

transcription is not occurring.

Such considerations become very important in the interpretation

of the results of the following experiments. For the interpretations

that are presented here, the endogenous RAV -O sequences present in

noxmal erythrocytes are assumed to be in regions of chromatin which

are truly representative of the structure of transcriptionally inactive

chromatin. This assumption is based on the fact that these viral DNA

sequences are not newly integrated sequences, but rather sequences

which have been maintained in all chicken cells throughout successive

generations and have become a truly fixed part of the cell's genetic

apparatus. In addition, the RAV-0 sequences are not thought to have

been actively transcribed at any stage in the maturation of the red

blood cells. Therefore, even if those sequences which were trans-

criptionally active in early stages of the erythrocyte's development are
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left in an "active conformation" when the erythrocyte matures, the

transcriptionally inactive RAV -O DNA sequences would not be

effected.

The newly integrated AMV DNA sequences in the "leukemic"

erythrocytes present a different situation. These sequences were

added to the erythrocyte genome before the cell was fully differen-

tiated. It is possible that these AMV-specific sequences were trans-

cribed to some extent soon after integration. Therefore, since it is

impossible to decide which of the two proposed mechanisms of inacti-

vation of the erythrocyte genome is correct, if either, it is impossible

to predict which of the two functional types of chromatin these AMV

sequences represent, However, as will be discussed later, the

chromatin containing the newly integrated AMV sequences is more

susceptible to digestion than the bulk of the chromatin.

The functional state of the AMV sequences in the leukemic

myeloblasts is less ambiguous. Myeloblasts are immature cells

which are actively replicating and transcribing their DNA. In

addition, the AMV sequences are known to be actively transcribed,

because new virus particles are produced continuously by these cells.

Therefore, the region of chromatin containing the AMV sequences in

leukemic myeloblasts is taken to be representative of transcrip-

tionally active chromatin.
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One additional point should be made concerning the "leukemic"

erythrocytes and leukemic myeloblasts. While these cells contain

AMV specific sequences, they also contain endogenous RAV -O

sequences. In the absence of evidence to indicate that the RAV -O

sequences are "recruited" to become transcriptionally active as a

result of the addition of the AMV sequences, the RAV -O sequences

are assumed to remain in a transcriptionally inactive state in both of

these cells. For example, in the analysis of the leukemic myelo-

blasts, it is assumed that the transcriptionally active AMV sequences

are being seen against a background of transcriptionally inactive

RAV -O sequences. The development of probes specific for only

RAV -O or AMV sequences will make it possible to monitor each of

these two types of sequences independently.

The results of the micrococcal-nuclease digestion of normal

erythrocytes show that the relative concentration of the endogenous

RAV -O sequences did not change significantly throughout the course

of the digestion. This result was indicated initially by the similari-

ties in the Cot curves obtained from hybridizing excess cellular DNA

(either undigested, or extensively digested) with 1251-labeled RAV -O

RNA (Fig. 20). This result was confirmed and quantitated in

experiments in which various nuclease-resistant DNA fractions were

saturated with 3 H-labeled AMV DNA (Fig. 23 and Table 2). The

relative concentration of viral sequences in normal erythrocytes
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before digestion was estimated to be 2. 9 viral genomes per 2.4 x 10-6

lag DNA (weight of one erythrocyte genome), and 3, 0 viral genomes

per 2.4 x 10-6 DNA after extensive digestion by micrococcal

nuclease. This result suggests that the RAV-0 sequences in these

cells were digested at a rate proportional to that at which the bulk of

the cell's chromatin was digested. This is exactly the result that

would be expected if the RAV-0 sequences were present in a region of

chromatin which was structurally identical to that comprising the bulk

of the transcriptionally inactive genome.

The RAV -O sequences in normal erythrocytes were also shown

not to be preferentially located in oligomeric as opposed to mono-

meric chromatin fragments at an intermediate stage during the micro-

coccal nuclease digestion. This experiment was done to test the

possibility that the RAV -O sequences might be present in "super-

condensed" regions of chromatin which might be slightly less sus-

ceptible to nuclease digestion and would give rise to the oligomeric

chromatin fragments present at intermediate stages of the digestion,

The significance of this experiment is open to question however, since

the kinetics of the micrococcal-nuclease digestion of erythrocyte and

myeloblast nuclei suggest that micrococcal nuclease may not recog-

nize the difference between extended and condensed regions of chroma-

tin. Therefore, it is likely that the oligomer chromatin fragments

that were fractionated from the partially-digested chromatin did
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not preferentially originate from the hypothetical "super condensed"

regions of chromatin in the first place.

The digestion of normal erythrocyte chromatin by DNase I did

not reveal any significant change in the relative concentration of the

RAV -O sequences throughout the digestion (Table 2). In a similar

manner, the digestion of the chromatin of "leukemic" erythrocyte and

leukemic myeloblasts by DNase I did not appear to result in the pre-

ferential depletion of enrichment of the virus-specific sequences in

these cells (Tables 3 and 4). However, after extensive digestion of

the chromatin of all three types of cells, the relative concentration of

the virus-specific sequences in the remaining nuclease-resistant DNA

appeared to increase dramatically. This apparent increase was shown

to result from the fact that the nuclease-resistant DNA that was left at

this time consisted of short fragments, only approximately 10 base

pairs long (less than 6, 000 daltons). These very small DNA frag-

ments were apparently binding non-specifically to the 3 H-AMV DNA

and resulting in what was initially interpreted to be a tremendous

enrichment of the virus-specific sequence in DNase I ''limit digest."

While the data presented here concerning the DNase I s'oscepti-

bility of the viral sequences cannot be interpreted to indicate pre-

ferential depletion or enrichment of these sequences, it should be

noted that it is possible that the conditions used for the DNase I

digestions were not suitable for the detection of slight variations in the
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DNase I susceptibility of the viral sequences, if they exist. As

shown in Figure 3, the kinetics of the DNase I digestions revealed that

the chromatin was digested extremely fast by this nuclease. It may be

necessary to slow down the digestion of the chromatin by DNase I

before subtle differences in the rate of digestion of the virus-specific

sequences can be detected, Further work with this system appears to

be in order in light of recent reports by Weintraub (1976) that DNase I

is capable of preferentially digesting the transcriptionally active DNA

sequences in chromatin.

While the digestion of normal erythrocyte chromatin by micro-

coccal nuclease did not appear to result in the preferential depletion

or enrichment of the virus-specific DNA sequences in these cells, the

micrococcal nuclease digestion of leukemic myeloblasts revealed a

strikingly different result, The relative concentration of the viral

sequences in leukemic myeloblasts decreased from 10 viral genomes

per 2.4 x 10-6 1..ig DNA in the undigested DNA fraction, to 6.8 viral

genomes per 2.4 x 10-6 µg DNA in the extensively digested DNA

fraction (Table 4). This change in the relative concentration of the

viral sequences with digestion suggests that a portion of these

sequences were in a region of chromatin which was structurally

different from the bulk of the transcriptionally inactive chromatin.

Moreover, a decrease in the relative concentration of the viral

sequences suggests that this structurally-different region of chroma'LL.,
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is more susceptible to nuclease-digestion. This result is consistent

with the idea that structural modifications must be made in a given

region of chromatin before the DNA sequences present in that region

can be made available as a template for transcription. While these

data suggest that these structural modifications result in the increased

susceptibility of the DNA in these regions to digestion by micrococcal

nuclease, it is not possible to determine the exact nature of these

changes. For example, it is not known if the basic chromatin subunit

structure in these regions has been modified to result in an altered

conformation of chromatin subunit which then allows for the transcrip-

tion of its DNA, or if subunit structure is completely absent from

these regions. It is interesting to note that while seven viral genomes

appear to have been added to the leukemic mycloblasts (in addition to

the three RAV -O genomes), only slightly more than three genome

equivalents were preferentially digested by the micrococcal nuclease.

Therefore, some limited protection of the newly integrated sequences

seems to be present even though it is not equal to that provided to the

bulk of the transcriptional inactive sequence by the basic chromatin

subunit. Again, it cannot be certain whether this limited protection

results from the presence of the viral sequences in a region of

chromatin in which the basic subunit structure has been modified to

accommodate transcription of its DNA, or whether the viral sequences

are completely free of any subunit-like structure. If the
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transcriptionally active DNA sequences are completely free of chroma-

tin subunits, then the limited protection of these sequences from

nuclease-digestion could result from the association with these

sequences of all the functional proteins necessary to affect trans-

cription--that is, RNA polymerases, proteins necessary to package

and transport the messenger-RNA, and so forth. As discussed below,

the results from the nuclease digestion of the AMV-sequences in the

"leukemic" erythrocytes tend to support the latter possibility.

The relative concentration of the virus-specific sequences in

"leukemic" erythrocytes decreased with micrococcal nuclease digestion

in a manner analogous to that resulting from the digestion of leukemic

myeloblasts. The relative concentration decreased from 4.7 viral

genomes per 2.4 x 10-6 p.g DNA in the undigested DNA fraction, to

3.0 viral genomes per 2.4 x 10-6 DNA in the extensively-digested

DNA fraction (Table 3). In light of these results, and the results

obtained from the digestion of normal erythrocytes and leukemic

myeloblasts, it is possible to speculate on the structure of the

regions of chromatin which contained the newly integrated AMV DNA

sequences. The fact that the AMV-specific sequences in the

"leukemic" erythrocytes were more susceptible to micrococcal

nuclease digestion than the bulk of the cellular sequences suggests

that they were present in a region of chromatin that was structurally

similar to the chromatin that contained the AMV sequences in the
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leukemic myeloblasts--that is, transcriptionally active regions. In

addition, it is interesting to note that all of the newly integrated AMV

sequences in the "leukemic" erythrocytes (approximately 1.7

genomes per cell) appear to have been digested by the micrococcal

nuclease during the course of the digestion. That is, the relative

concentration of the viral sequences remaining in the limit digest of

the "leukemic" erythrocytes (3.0 genomes per 2.4 x 10-6 j.ig DNA) is

equal to the "background" level of endogenous RAV-0 sequences

which were shown not to be preferentially susceptible to digestion in

normal erythrocytes. Therefore, this result is consistent with the

idea that transcriptionally active regions of the chromatin are com-

pletely free of any protective effect of the chromatin subunits and that

any protection of transcriptionally active chromatin from micro-

coccal nuclease digestion must result from the association with that

region of the various functional proteins necessary to carry out its

transcription. Since those proteins involved in the transcription

process are absent from "leukemic" erythrocytes, the newly inte-

grated AMV sequences are fully susceptible to micrococcal nuclease

digestion.

The greater nuclease-susceptibility of the newly-integrated AMV

DNA sequences in "leukemic" erythrocytes and leukemic myeloblasts

is thought to reflect the existence of these sequences in a transcrip-

tionally active conformation of chromatin. In addition to this
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interpretation, it is interesting to consider the possibility that the

greater nuclease-susceptibility of these sequences results directly

from the fact that they are newly-integrated sequences. When new

DNA sequences are introduced into the genome of a somatic cell,

perhaps the cell is incapable of packaging these sequences into a

series of repeating chromatin subunits similar to those comprising the

rest of its genome. If this were true, then any control over the

expression of these sequences which might be affected through the

maintenance of a transcriptionally inactive conformation of the

chromatin containing these sequences would not be possible. This

speculative type of interaction between a somatic cell and newly-

integrated DNA sequences is consistent with the nuclease-digestion

results reported here. The newly-integrated AMV sequences in

"leukemic" erythrocytes are completely sensitive to nuclease digestion

while the AMV sequences in leukemic myeloblasts are afforded some

limited protection from digestion as a result of the trans criptional

activity associated with these sequences.

Whether the above speculation is correct or not, it is important

to note that the structurally different organization of the chromatin

containing the newly-integrated AMY sequences is maintained in the

cell even though the cell's genome has been replicated several times.

Therefore, regardless of the basis for the structurally-different

organization of the chromatin containing the AMY-specific sequences,
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this structural organization appears to be conserved in the replication

process.

A few words are in order concerning how these results compare

with those reported by others. The work recently reported by Reeves

and Jones (1976) agrees qualitatively with the results reported here.

They found that transcriptionally inactive ribosomal RNA genes in

Xenopus laevis embryos were afforded more protection from

micrococcal nuclease digestion than were the same genes in cells in

which they were being actively transcribed. After limited digestion

by micrococcal nuclease, 90% of the original transcriptionally inactive

ribosomal genes remained in the nuclease resistant DNA while only

70-74% of the transcriptionally active genes remained. Therefore,

their results also suggest that transcriptionally active DNA sequences

are in a conformation in chromatin which is more susceptible to

nuclease digestion.

Weintraub and Groudine (1976) have recently reported that

transcriptionally active hemoglobin genes in chicken erythrocytes are

preferentially digested by DNase I. In reaching this conclusion, these

workers assume that the recently-active glob in genes retain their

"active" chromatin structure even as the cell matures to become

transcriptionally inactive in its fully-differentiated state. The finding

that these transcribed sequences are preferentially susceptible to

nuclease is generally consistent with the interpretation of our results
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even though the result was obtained using a different nuclease. The

results of Weintraub and Groudine would also seem to support the

concept that the erythrocyte genome is inactivated not as a result of

a change in the chromatin structure of the transcriptionally active

genes, but rather, as a result of the gradual loss of the synthetic

machinery necessary to support the process of transcription. Wein-

traub and Groudine also report that these same globin sequences are

not preferentially susceptible to micrococcal nuclease digestion.

This result cannot be reconciled with our own. Additional work,

possibly involving the use of different digestion conditions, will be

required to resolve this difference.

The work that is most difficult to reconcile with our results is

that which indicates that transcription can occur from DNA contained

within the basic chromatin subunit. The most convincing evidence

in support of this idea has come from the work of Lacy and Axel

(1975) and Kuo et al. (1975). These groups have shown that the micro-

coccal nuclease resustant DNA contains messenger-RNA specifying

DNA sequences in the same concentration as total, undigested DNA.

This would strongly suggest that the basic chromatin subunit is

present in transcriptionally active regions of chromatin. This sug-

gestion is also supported by the electron microscopy work of Foe et al.

(1976) in which they observed subunit-like structures on the chromatin

fibers comprising transcriptionally active non-ribosomal transcription
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units. However, Foe et al. have also examined electron micrographs

of transcriptionally active ribosomal genes and concluded that the

characteristic subunit structure was absent from the underlying

chromatin fibers in these regions. Obviously, more work in this area

will be necessary to resolve these apparent differences.

Our results could be reconciled with the work suggesting that

transcriptionally active DNA sequences are associated with chromatin

subunits if the newly integrated viral sequences represent a special

class of DNA sequences. It was proposed earlier that perhaps a

somatic cell is incapable of packaging newly integrated DNA sequences

into chromatin subunits. If this were true, then the newly integrated,

transcriptionally active AMV sequences in leukemic myeloblasts

would not be truly representative of transcriptionally active cellular

DNA sequences. Therefore, inferences concerning the structure of

transcriptionally active cellular DNA sequences based on the nuclease-

susceptibility of newly-integrated viral sequences could not be made.

Our results presented here are interpreted to indicate that

structural differences exist between transcriptionally active and

inactive regions of chromatin. These differences are reflected in the

differential susceptibility of transcriptionally active and inactive

virus-specific DNA sequences. The exact nature of these differences

which result in the increased susceptibility of the DNA sequences to

nuclease-digestion is not known. However, our results concerning the



132

nuclease susceptibility of the AMV-specific DNA sequences in

"leukemic" erythrocytes suggest that transcriptionally active regions

of chromatin may be completely free of any structure resembling

the basic chromatin subunit. It is hoped that this work will stimulate

new and continued investigation into the area of chromatin structure

and its involvement in the regulation of gene expression and that as a

result, the molecular basis for this control mechanism will be more

fully understood.
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