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ABSTRACT

This dissertation describes the development of an in vitro model

system for studying control of transcription in eucaryotes. The tem

plate for transcription was a small plasmid DNA molecule containing the

regulatory region of the well-characterized E. coli lac operon. Tran–

scription of this operon is under positive regulation by catabolite

activator–protein (CAP). In order to investigate the interaction of

this transcriptional regulatory protein with a chromatin—like template,

the small DNA molecule was assembled in vitro into nucleosomes, which

are the basic repeating structures of chromatin. The conversion of DNA

into chromatin was accomplished in an extract prepared from unfertilized

eggs from the toad Xenopus laevis, which contains the histones and all

other factors required for the assembly of DNA into nucleosomes

(Laskey et al., Cell lo, 237 (1977).

Experiments are described which characterize transcription by E.

coli RNA polymerase of chromatin assembled in this system. It was shown

that all the DNA was assembled into nucleosomes; therefore transcription

was not due to free DNA within the chromatin preparations. Furthermore,

treatment of chromatin with cross-linking agents that fix the histones

to the DNA completely abolished transcription. Treatment of DNA, or DNA

in the presence of chromatin, with fixative had no effect on transcription

from DNA. The fact that fixed nucleosomes presented a barrier to

transcription suggests that in the absence of fixation, transcription

normally proceeded through nucleosome-covered regions of the DNA. It

was also shown by gel electrophoresis that the size of the RNA tran–

scribed from chromatin was larger than the average length of inter

nucleosome DNA. This provides further evidence that transcription



did not occur only between nucleosomes.

The action of purified CAP, in conjunction with its effector

molecule cyclic adenosine monophosphate (cAMP), in the modulation of

transcription from the chromatin template compared to free DNA was

analyzed. It was found that with both templates, lac-specific stim–

ulation of transcription by high concentrations of CAP and cAMP in

creased the total amount of RNA synthesized by 50–60%. The percent

increase in total transcription was determined as a function of con–

centration of CAP and it was found that the half-maximal stimulation of

transcription occurred at the same CAP concentration for both DNA and

chromatin. This suggests that the presence of nucleosomes had not

greatly altered the affinity of CAP for its binding site on the DNA.

The characterization of the RNA synthesized in response to in

creasing concentrations of CAP was carried out by nucleic acid hybri–

dization to filter bound DNA. With the DNA template, the addition of

CAP resulted in an increase in RNA sequences complementary to the region

of the template from which lac—initiated transcription occurs. However

when the chromatin template was transcribed, no CAP—dependent increase

in specific RNA sequences was detected. Why it was not possible to

detect changes in the pattern of hybridization when there was substantial

stimulation of total transcription from chromatin by CAP is not under

stood. A possible explanation is that since the absolute level of

transcription of chromatin was approximately tenfold less than DNA, the

large percentage increase in total transcription may have resulted from

the activation of many lac promoters from which relatively short trans

cripts, which would not be detected in the hybridization assay, were

synthesized.
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REVIEW OF THE LITERATURE

CHROMATIN STRUCTURE AND FUNCTION

INTRODUCTION

Studies of chromosome structure and function are directed toward

two basic questions. The DNA in a eukaryotic cell, if it were present

as fully-extended B-form DNA, would be approximately one meter in

length. The first question is how this much DNA can fit inside a cell

nucleus which has a diameter of roughly .005 millimeters. It has long

been known that the DNA in eukaryotic cells is associated with a discrete

class of proteins, the histones, and that this nucleohistone complex is

organized in a regular periodic manner. In the last few years great

progress has been made in understanding the nature of the repeating

Structural elements. In this review I will describe the organization of

the nucleohistone complex, or chromatin, into condensed structures.

The second question that arises during a discussion of the complex

coiling and folding of chromatin is how the information inherent in the

DNA for replication and transcription is retrieved from this condensed

material. Little is known about how these processes take place from a

chromatin template, but this area is under intensive investigation. I

will describe how the structural features of chromatin are thought to

play a role in expression of the DNA, by making some regions accessible

to transcription while others are sequestered.

In brief, the current model of the structure of chromatin involves,

at the first level of organization, the DNA being wound around the

outside of globular complexes of the histones. The histone complexes

are of uniform size and the length of DNA between them is constant,

resulting in a regular repeating pattern which has been likened to beads

on a string.



From the early studies of chromatin structure there were three areas

of information which had to be taken into account in postulating models of

chromatin organization. First, in electron microscopic analysis of chro–

matin, long fibers of 100 X thickness had frequently been observed, al

though a variety of thicker fibers had also been seen (Ris & Kubai, 1970:

Huberman, 1973). Second, that chromatin has a regular periodic structure

was revealed by X-ray diffraction studies (Wilkins et al. , l959); a re

peating pattern occurred at about loC) § intervals along the fiber axis

(Luzzati & Nicolaeiff, 1963; Richards & Pardon, 1970; Pardon & Wilkins, 1972).

The third body of information comprised several observations with

regard to the histones. The histones are a class of basic proteins of

which there are five distinct types called Hl, H2A, H2B, H3 and Hh." In

virtually all eukaryotic cells the DNA has histones bound to it, with

the weight ratio of total histones to DNA being nearly l;l (Elgin &

Bonner, 1970; Hill et al., 1971; Mohberg & Rusch, 1969). There are

approximately equimolar amounts of each type of histone in chromatin

with the exception of Hl, which is present in about half the quantity

(Johns, 1967; Panyim & Chalkley, 1969; Oliver & Chalkley, 1972; see

Kornberg, 1971; ). The histones, particularly H3 and Hli, are charac

terized by remarkable evolutionary stability. Histones H3 and Hll, are

the most highly conserved proteins known; for example only two amino

acids out of 102 differ between cow and pea Hl (DeLange et al., 1969;

Patthy et al., 1973); this observation suggested an important common

function of the histones in all eukaryotic organisms.

However it was not until Hewish and Burgoyne (1973) discovered that

the DNase digestion pattern of chromatin reflects a periodicity of

structure and Olins and Olins (197l) and Kornberg (197l) postulated an

*See Bradbury (lg75) in regard to histone nomenclature.



oligomer of histones regularly spaced along the chromatin fiber, that

our current picture of chromatin structure began to emerge. Hewish and

Burgoyne (1973) demonstrated that chromatin is digested by an endogenous

DNase to DNA fragments of multiples of about 200 base pairs. They

suggested that this may reflect a periodic positioning of the histones

such that nuclease sites become accessible at 200 base-pair intervals

and that the multimers may be due to blockage of some of the sites by

other chromosomal proteins. Analogous results were obtained by Noll

(197lia) by digesting chromatin with micrococcal nuclease. In addition

Noll demonstrated that the small histone—DNA complexes that resulted

from the digestion could be isolated on a sucrose gradient. With

either nuclease 80–90% of the DNA in chromatin was converted to 200

base-pair pieces.

Kornberg and Thomas (197l) analyzed the association behavior of

histones in solution and found that histones H3 and Hll occur almost

exclusively as an (H3)2(H)2 tetramer. The interaction between H2A and

H2B was less clear but oligomers of the two did seem to occur. That

these pairwise interactions in solution are relevant to chromatin

structure is supported by the observation that histones H3 and Hll do not

dissociate from chromatin under conditions where H2A and H2B do exchange

slowly from chromatin to exogenous polynucleotides (Ilyin et al., 197l).

Histone Hl does not interact with any of the other histones in solution

(Kornberg & Thomas, l07l) and freely dissociates from chromatin (Ilyin

et al., 1971), suggesting a much different role in chromatin structure.

Significantly, complexes formed between (H3)2(H)2 tetramers, H2A-H2B

oligomers, and DNA give the same X-ray diffraction pattern as native

chromatin; both types of histone oligomers are required (Kornberg &

Thomas, 1971; ).



Kornberg (1971; ) put forth the model that the (H3)2(H)2 tetramer

forms the basis of the repeating unit in chromatin. Two H2A-H2B dimers

were also suggested as part of the repeating unit in accordance with the

equimolar occurrence of the four histones in chromatin. And based on

the equal ratio of histones to DNA in chromatin, approximately 200 base

pairs of DNA were included in the proposed structure. He suggested

that the DNA and histones are organized into a flexibly jointed chain

with tightly packed regions of DNA and protein alternating with more

extended DNA. Such an arrangement is consistent with the repeating

nature of chromatin that is evident from the nuclease digestion studies

of Hewish and Burgoyne (1973) and Noll (197lia) described above. It is

also consistent with the 100 Å repeat distance determined from X-ray

diffraction since along the chain each octamer of two each of the four

histones associated with DNA could form a globular structure of about

100 Å diameter. Also at about the same time electron micrographs were

obtained which revealed a periodic arrangement of spherical particles of

about 100 Å diameter connected by narrow filaments along the chromatin

fiber (Woodcock, l973; Olins & Olins, l97l): these represented the first

clear visualization of chromatin as beads on a string. Nodular elements

had been observed previously in chromatin (Bram & Ris, 1971; Slayter et

al. , 1972) but not with the regularity of spacing as shown in the work

of Olins and Olins.

Oudet et al. (1975) and Griffith (1975) also observed structures in

the electron microscope that were a regular array of globular particles

alternating with narrower connecting strands of DNA. Furthermore,

after nuclease digestion, Oudet et al. (1975) observed structures in the

electron microscope that corresponded to the individual repeating globular



units. These individual particles were termed nucleosomes and were

shown to contain the histones H2A, H2B, H3, H1, and about 200 base pairs

of DNA. Histone Hl is not part of the nucleosome and was postulated to

be involved in higher order condensation of chromatin.

HISTONES IN THE NUCLEOSOME

Histone Content

That all nucleosomes are of identical composition, consisting of an

octamer of two each of the four histones, H2A, H2B, H3 and Hli, was the

hypothesis set forth in Kornberg's proposal (Kornberg, 1971, ); any

variations in content would have to preserve the size of the nucleosome

and the overall equimolar ratio of histones. Experimental support for

the invariance of histone content came first from reconstitution experi

ments, which demonstrated that no nucleosomes, as visualized by electron

microscopy, were formed unless all four histones were present in the

reconstitution reaction (Oudet et al., 1975). Furthermore, when three

histones were supplied in equal amounts and the fourth in variable

amounts, nucleosomes were formed in proportion to the amount of the

fourth histone (Oudet et al., 1978a) up to the point where it was equimolar

with the other three, suggesting that all nucleosomes are composed of

all four histones.

Immunological studies have also demonstrated the homogeneity of

nucleosome composition. Anti-H2B antibody reacts with about 90% of the

nucleosomes in chromatin, as determined by an increase in size of the

nucleosome as visualized in the electron microscope (Bustin et al.,

1976). Also when anti-H2B was reacted wtih isolated nucleosomes,

prepared by nuclease digestion of chromatin, more than 98% of the nucleo

somes appeared to contain H2B, based on an increased sedimentation rate



in sucrose gradients (Simpson & Bustin, l976).

Experimental support for the concept of the histome octamer is

obtained from the isolation of a cross-linked histone octamer from

chromatin as well as from mononucleosomes (Thomas & Kornberg, 1975a,b).

An octamer also exists free in solution but exactly which histones are

present in the complex has not been established (Thomas & Kornberg,

lg75a,b). Further support for the presence of two each of the four

histones comes from more recent careful measurements of the relative

amounts of the individual histones (Olins et al., 1976; Joffe et al.,

l977). However the possibility of exceptions and minor variations in

histone content has not been excluded.

The association of one histone Hl molecule per nucleosome has been

proposed, based primarily on the half molar ratio of Hl to the other

histones (Johns, l967; Oliver & Chalkley, l972; Goodwin et al., 1977a).

Some evidence for this view has been obtained from the identification of

mononucleosomes associated either with none or one molecule of Hl; no

complexes were resolved which had two molecules of Hl per nucleosome

(Varshavsky et al., 1976).

Histone Hl is partially replaced in the erythrocytes of birds,

amphibia, fish, and reptiles by H5. HS is thought to function in a

manner analogous to Hl since it is similar in size and structure (Garel

et al., 1975) and the sum of Hl and H5 is about equal to Hl in other

tissues (Dick & Johns, l069; Mazen & Champagne, 1972).

Histone Arrangement

Analysis of the arrangement of the histones within the nucleosome

has been based in large part on the interactions between the histones in

solution. Although such interactions do not necessarily establish the



nature of the histone-histone interactions within chromatin, the basic

models proposed from solution interactions have remained unchanged and

have been supported by subsequent findings based on cross-linking,

reconstitution, and reactivity of histones within chromatin.

That H3 and Hl form a tetramer in solution and H2A and H2B interact

to form oligomers (Thomas & Kornberg, 1971) was fundamental to Kornberg's

proposal of the repeating unit in chromatin. D'Anna and Isenberg (1973,

197lia, b) found, in addition to (H3)2(H)2 tetramers (Roark et al.,

1971; ), strong l;l complexes of H2B-H, and of H2A-H2B. A weaker l;l

interaction between H2A and Hl was also described (D'Anna & Isenberg,

197lia). Based on these cross-complexing patterns, D'Anna and Isenberg

(l97lic) proposed the following cyclic arrangement of the histones in

chromatin:

H2A - H2B
! !

H3 – Hl

The exposure of chromatin to a variety of protein cross-linking

reagents has produced all the possible dimeric combinations. The frequency

with which certain dimers are found supports the idea of strong inter

actions between the pairs H3-Hl, and H2A-H2B. In addition these results

demonstrate close association of other pairs of histones within the

nucleosome, particularly H2B-Hl (Martinson & McCarthy, l975; VanLente et

al., l'975; Thomas & Kornberg, 1975; Bonner & Pollard, l075; Jackson,

loT8).

The fundamental role of the (H3)2(H)2 complex in the organization

of the nucleosome has been demonstrated by the findings that in recon–

stitution mixtures with DNA H3 and Hll are capable of creating structures

with features characteristic of total chromatin.



The pattern of nuclease digestion, described in detail in the

section DNA in the Nucleosome, together with protease digestion enabled

Camerini-Otero et al. (1976) and Sollner–Webb et al. (1976) to examine

the role played by each of the histones in the reconstitution of nucleo

somes. They found that H3 and Hl were the only histone pair which could

generate many of the basic features of chromatin in the absence of the

Other histones. The inclusion of H2A and H2B in the reconstitution

mixture resulted in a structure very similar to native chromatin. A

characteristic X-ray diffraction pattern was the criterion employed by

Boseley et al. (1976) in assessing the acquisition of chromatin structure.

Similar to the results obtained with nuclease digestion they found that

H3 and Hll are essential for the formation of a regular structure and

that H2A and H2B are required to complete the structure.

A compact particle resulting from the association of H3 and Hl with

ll.0 base pairs of DNA has been demonstrated by means of sedimentation

characteristics (Bina–Stein & Simpson, l977). The ability of H3 and Hl,

to induce superhelical turns in circular DNA was demonstrated by the

same authors. (See the section Organization of the DNA.)

In addition, an H3-Hll subnucleosomal particle has been visualized

in the electron microscope (Oudet et al., 1978a). DNA that has been

reconstituted with H3 and Hll has a beaded appearance, but the structure

is distinct from nucleosomes in that the particles are approximately 80

§ in diameter compared to l25 § for nucleosomes and the length of DNA

associated with the particle is about 130 rather than 200 base pairs.

Weintraub et al. (1976) have proposed a model for chromatin structure

in which the nucleosome is composed of two half-nucleosomes. In this

model each half-nucleosome contains one each of H2A, H2B, H3, and Hl,



forming a heterotypic tetrameric complex; two tetramers are symmetrically

paired to form the histone octamer of the nucleosome. It is suggested

that unpairing of the tetramers can occur, while they remain bound to

DNA. Wiewing chromatin in this way suggests mechanisms by which the DNA

can uncoil for transcription and replication without dissociation of the

histones. It also has profound implications with regard to interaction

between adjacent half-nucleosomes and with regard to inheritance of

structural organization (Alberts et al., 1976; Weinbraub et al., 1976).

It has been demonstrated that a heterotypic tetramer, made up of

one each of H2A, H2B, H3 and Hl, can be extracted from chromatin; the

complex is thought to reflect the structural arrangement within chromatin

because its reactivity with respect to trypsinization, iodination and

cross-linking is the same as in chromatin (Weintraub et al., 1975). The

observation of an equilibrium between a heterotypic tetramer and an

octamer in solution (Chung et al., 1978) also supports the half-nucleo

some model.

Structures have been visualized in the electron microscope which

are suggested to be chromatin organized into half-nucleosomes (Oudet et

al. , l978b). The particles are clearly distinguishable from both

nucleosomes and H3-Hl, subnucleosomal particles both in size (93 R

diameter) and in DNA content (96 base pairs). Further experimental

support for the concept of the half-nucleosome has been obtained from

the detection of a loo-base-pair periodicity, which is half of the

nucleosomal 200-base-pair repeat, under certain conditions of nuclease

digestion (Altonburger et al., 1976). Also, Mirzabekov et al. (1978)

have shown that within the nucleosome , each strand of the DNA has one of

each of the four histones bound to it .
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In light of the possibility that chromatin is capable of structural

transitions between nucleosomes and half-nucleosomes, Staynov (1978) has

presented interesting speculation on the cause of the evolutionary

stability of the histones. He suggests that the highly conserved primary

sequences of histones H3 and Hll are the result of the requirement to

exist in two structurally distinct globular conformations. It is also

interesting to note that although histones H2A and H2B vary in sequence

more than H3 and Hl, the variability occurs primarily in the polar, NH2–
terminal regions whereas the hydrophobic regions which are involved in

histone-histone interactions are highly conserved (Strickland et al.,

1977a,b; Spiker & Isenberg, 1978; Hayashi et al., 1977).

DNA IN THE NUCLEOSOME

DNA Content,

The amount of DNA in the nucleosome was originally postulated to be

about 200 base pairs, based on the periodicity of nuclease sensitive

sites in chromatin and on the equal weight ratio of a histone octamer to

200 base pairs of DNA. The correlation between the nucleosome particles

visualized by electron microscopy and the 200-base-pair repeating

interval was first established by Oudet et al. (1975); they showed that

when a DNA molecule of known length was reconstituted with histones,

each nucleosome corresponded to a decrease in the length of free DNA by

200 base pairs. They also measured directly the length of DNA associated

with mononucleosomes obtained by micrococcal nuclease digestion of

chromatin and found it to be about 200 base pairs. Thus the DNA unit

repeat length obtained by brief micrococcal or staphylococcal nuclease

digestion has become a standard measure of the amount of DNA per nucleosome.
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In this way the amount of DNA per nucleosome has been determined

for many cell types. (For a catalogue and references see Kornberg

(1977) and Chambon (1978). ) Although it is always roughly 200 base

pairs, there is considerable variation, from about 150 to 210 base

pairs, among cell types. Heterogeneity in the nucleosomal repeat length

within a single cell has also been described. Prunell and Kornberg

(1978a) found variation in the length of DNA connecting dinucleosomes in

rat liver; Martin et al. (1977) also observed heterogeneity in calf

thymus chromatin but found that neighboring regions had similar spacer

lengths, suggesting that the organization of the spacer has functional

significance.

Several proposals have been made as to the origin of nucleosome

length heterogeneity but as yet no consistent correlation has been found

with the following changes in genetic activity or histone structure:

rate of cell division or functional state of the cell (Compton et al.,

l976), transcriptional activity (Thomas & Thompson, 1977; Shen & Hearst,

l978; Lipps & Morris, l977; Gorovsky et al., 1978; Lohr et al., 1977)

acetylation of H3 and Hl (Spadafora, et al., 1976), variability in Hl,

or its replacement by H5 (Noll, 1976; Morris, 1976; Wilhelm et al.,

l977), or variability in H2A and H2B structure (Spadafora et al., 1978).

With regard to the question of whether there is a phase relation

between DNA sequence and the positioning of the nucleosomes, the results

of a number of experimental approaches have been interpreted as reflecting

random arrangement of the nucleosomes. These studies include analysis

of protection against digestion by restriction enzymes (Polisky & McCarthy,

1975; Cremisi et al., 1976), analysis of nuclease-sensitive sequences of

a specific gene (Garel & Axel, 1978), and comparison of sequences within
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trinucleosomes (Prunell & Kornberg, l978b). However Ponder and Crawford

(1977) have shown that nucleosome positioning on SW10 is not entirely

random; instead the nucleosomes occupy a small number of distinct

alternative positions.

Sub—Nucleosome Structure

When digestion of chromatin with micrococcal or staphylococcal

nuclease is allowed to progress beyond the brief treatment that produces

DNA fragments with the 200-base-pair repeat length, an intermediate

digestion product, ll:0 base pairs in length, accumulates (Sollner–Webb

& Felsenfeld, 1975; Shaw et al., 1976; Whitlock & Simpson, l976a). The

DNA cleavage site between nucleosomes appears to be variable such that

the DNA centered around the particular nucleosomal repeat length is

quite variable in length; in contrast the ll,0-base-pair fragment is very

homogeneous in size. Furthermore the ll,0-base-pair intermediate digestion

product is invariant in size in all cell types that have been tested,

regardless of the variation in the total nucleosomal repeat length.

The subnucleosomal particle, which is referred to as the core

particle, is composed of llì0 base pairs of DNA plus the histone octameric

complex of the nucleosome (Noll & Kornberg, l077); Hl is not associated

with the core particle (Noll & Kornberg, 1977; VanHolde et al., 1971;

Bakayev et al., 1975). The core particle retains the characteristic

condensed structure of the nucleosome as measured by sedimentation

behavior (Olins et al., 1976; Van Holde et al., 1975) and appearance in

the electron microscope (Kornberg, lo'■ T).

The remaining DNA in the 200-base-pair repeat which connects one

core particle to the next is called the linker. There is controversy

about the conformation of the linker DNA. Some investigators contend
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that chromatin exists with the core particle as globular regions alter—

nating with stretches of free DNA (Van Holde et al., 1971, 1975).

Others view this extended structure as an artefact of preparation for

electron microscopy, the native structure being one where the linker DNA

is folded against the core particle such that the core particles are

close to one another (Finch et al., l'975; Bakayev et al., l975).

Organization of the DNA

A variety of experimental approaches have led to the conclusion

that the DNA is wound around the outside of the histone octamer to form

the nucleosome. The fact that the DNA is accessible to nucleases

(described below) at lo–base-pair intervals along the entire length of

the llì0 base pairs in the core particle argues that no regions are

deeply buried. Neutron diffraction studies support the idea that the

DNA is located at the surface of the nucleosome (Baldwin et al., l'975;

Pardon et al., 1975; Hjelm et al., 1977; Pardon et al., 1978; Bradbury

et al., 1978). Also, it has been demonstrated that nucleosomes can be

reconstituted from DNA and cross-linked histone octamers, making it

unlikely that the DNA penetrates the histone core (Stein et al., 1977,

Simpson et al., 1978).

Reconstitution experiments with circular DNA molecules have implied

certain limits as to the nature of the path of the DNA around the histone

core. The reconstitution of histones onto a circular SVl;0 DNA molecule

winds the DNA in such a way that superhelical turns are introduced into

the DNA, as measured after removal of the proteins (Germond et al.,

l975). By counting the number of nucleosomes per molecule visualized by

electron microscopy, it was shown that each nucleosome corresponds to

about l to l.25 negative superhelical turns in free DNA. This does not
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require that the DNA actually wrap once around the nucleosome. (A

single regular superhelical turn of l?0 § diameter and 120 R pitch will

not accommodate the amount of DNA in a nucleosome (Felsenfeld, l975). )

However it does apply the constraint that the path be the topological

equivalent of l to l.25 left-handed superhelical turns of free DNA.

This can be accomplished through variation in the number of base pairs

per turn of the DNA double helix and through a combination of positive

and negative superhelical turns that sum to that observed (Crick, 1976).

Nuclease digestion within the core particle, by further digestion

with staphylococcal nuclease (Axel et al., 197lb), DNase I (Noll, 197lb),

or DNase II (Sollner–Webb et al., 1976), produces discrete fragments

which are all integral multiples of lo nucleotides. Two models have

been proposed which describe a physical structure for the DNA in the

nucleosome that would account for the lo–base nuclease specificity. In

the first model (Noll, l97lb), the DNA is in the B-form, and is wound

around the histone core with uniform bending all along the helix. The

l0–base repeat occurs because of the exposure of a nuclease site with

each turn of the B-form helix. The other type of model (Crick & Klug,

1975; Sobell et al., lg76) proposes that the DNA wraps around the

histone core by sharp kinks, every lo bases, with essentially straight

helical DNA in between the kinks; the specific nuclease site could be

either at or between the kinks. Although it was predicted that these

models would lead to a difference in the stagger of the nuclease cuts, a

detailed analysis of the length of the single-stranded tails that result

from nuclease digestion did not favor or eliminate either model (Sollner

Webb & Felsenfeld, l977; Lutter, l977; Camerini-Otero et al., 1978).

The concept of a smooth deformation of the DNA around the histone
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core has gained support from studies of crystallized core particles

together with the following analysis of the frequency of nuclease

digestion. Studies which have analyzed the differential accessibility

of DNase I sites have revealed that although the cuts occur at every 10–

base interval, some sites are strongly preferred (Simpson & Whitlock,

1976; Noll, 1977; Lutter, l978). Sites which are similar in the fre

quency with which they are cut are separated by 80 base pairs; thus

Lutter (1978) proposes that the DNA is wound around the nucleosome in a

superhelix with 80 base pairs per turn.

Crystallization of purified core particles has allowed the descrip

tion by electron microscopy and X-ray crystallography of the general

features of the particle at 20 § resolution (Finch et al., 1977; Finch

& Klug, l078). It is a disk-shaped particle of dimensions llo X llo X

57 R; it appears wedge-shaped and divided into two layers. The asymme—

trical wedge shape is interpreted as being consistent with l. 75 turns

of DNA around the histone core; an integral number of turns would result

in a symmetrical structure. With 80 base pairs per superhelical turn

as suggested above, l. 75 turns account for the llì0 base pairs of DNA in

the core particle.

Although the kinked model of DNA in the nucleosome was originally

proposed as more energetically favorable than smoothly bent DNA (Crick

& Klug, l975), further consideration has suggested that the energy

required to bend the DNA smoothly with a radius of curvature of about

l,5 § is within the range of estimated available free energy (Harrington,

l977; Sussman & Trifonov, l978; Levitt, 1978).

Furthermore the apparent correlation of l to l.25 superhelical

turns of B-form DNA with each nucleosome and the observation of nuclease
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accessibility at lo–base intervals is made consistent with the model

described above by reevaluation of the number of base pairs in the helix

of DNA. Instead of the generally accepted lo base pairs per turn,

Levitt (1978) calculates that DNA free in solution has about 10.5 base

pairs per turn, and Finch et al. (lg77) suggest a value of 10.1; or lo. 7.

Packing of DNA into the nucleosome would then result in unwinding of the

helix to lo base pairs per turn.

HIGHER ORDER STRUCTURAL, ORGANIZATION

Histone Hl is not part of the histone octamer which makes up the

core of the nucleosome. Among the early indications that it was not

associated with the DNA in the same way as the other histones were that

l) the molar ratio of Hl to each of the other histones is 0.5:1, 2) Hl

is removed from chromatin under milder conditions than the other histones

(Ilyin et al., 197l) and 3) it is not required in reconstitution reactions

to generate the X-ray pattern characteristic of chromatin (Kornberg &

Thomas, l07l) and to form the nucleosomes visualized in the electron

microscope (Oudet et al., 1975). The amount of Hl relative to the other

histones suggests the association of one molecule of Hl with each

nucleosome ; it is thought that Hl binds to the nucleosome in the region

of the linker DNA (Baldwin et al., 1975; Shaw et al., 1976). In support

of such a location for Hl, it has been shown that degradation of linker

DNA with nuclease is affected by the presence of Hl (Whitlock & Simpson,

l976b; Noll & Kornberg, 1977), and that when linker DNA is eventually

degraded, Hl is released. Also, sedimentation analysis reveals binding

of Hl to nucleosomes and multimers of nucleosomes but not to core particles

(Van Holde et al., 1971; Bakayev et al., 1975; Noll & Kornberg, 1977).
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It is known that Hl is involved in the condensation of the chromatin

fiber. Sedimentation and electron microscopic analysis of the SVl:0

nucleohistone complex (Griffith & Christiansen, 1978; Keller et al.,

l978) and of multimers of nucleosomes (Renz et al., 1977, 1978) show

that these structures are more condensed when Hl is present. Hl is

capable of binding together two separate DNA strands, and could therefore

link together distant nucleosomes (Griffith & Christiansen, l078;

Bradbury et al., 1973). However it is not known if Hl functions in that

way or by binding to one strand and inducing bends that dictate a specific

higher order of organization (Cole et al., 1978; Gaubatz et al., 1978).

The next level of organization above coiling the DNA into nucleo

somes appears by electron microscopy to be a filament of 200–300 § in

diameter. A solenoid with approximately six nucleosomes per turn and a

pitch of about ll0 § was proposed to account for fibers of that dimension

(Finch & Klug, l976). A more detailed model has been described by

Worcel which consists of a discontinuous solenoid (Worcel & Benyajati,

l977; Worcel, l978). Left-handed helical turns of five nucleosomes per

turn with a pitch of llo § are shown with periodic interruption caused

by, for example, one nucleosome being devoid of Hl. This model is in

agreement with the visualization of "superbeads" in the electron micro

scope (Hozier et al., 1977; Kiryanov et al., 1976; Franke et al., 1978;

Olins, l978). Experimental support for this model has also been obtained

by the observation of changes in the physical properties of small chains

of nucleosomes when they consist of six or more subunits (Marion & Roux,

lo'■ 8).

Higher levels of structural organization are less well characterized.

Two more solenoids, first one of approximately 2000 § diameter and then
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coiling that into one of about 6000 R diameter, have been suggested as

consistent with chromosomal structures that have been visualized by a

variety of techniques (Sedat & Manuelidis, 1978). These four levels of

organization (nucleosomes (100 K), superbeads (250-300 Å), 2000 Å,

and 6000 Å fibers) are sufficient to account for the degree of compaction

required for metaphase chromosomes.

ACTIVE GENES AND CHROMATIN STRUCTURE

Accessibility to Polymerases and Nucleases

Rather than the elements of structural organization functioning

solely to condense the chromosome , evidence is accumulating which suggests

that some features of chromatin structure also play a role in regulation

of gene activity.

One approach to this question has been the in vitro transcription

of chromatin with RNA polymerase from E. coli as well as from various

eukaryotes. Experiments of this type showed that transcription of

chromatin from different sources reflected tissue specificity (Paul &

Gilmour, 1968; Smith et al., 1969; Astrin, l073; Gilmour & Paul, l073;

Steggles et al., 1971; ; Jacquet et al., 1971; ; Marzluff & Huang, 1975;

Harris et al., 1976; Biessmann et al., 1976). An exemplary set of

experiments is that which shows preferential transcription of globin

genes from reticulocyte chromatin but not from brain or liver chromatin

(Axel et al., 1973, 197lia). At the time these experiments were done,

the results were interpreted as a measure of the general accessibility

of transcribed regions rather than as a measure of specific initiation

events and it was concluded that chromosomal proteins appear to be

responsible for restricting transcription in a specific way. However

it has recently become clear that this approach is plagued by artefacts
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primarily due to specific RNAs contaminating the chromatin preparations

and to RNA templating (see Chambon, l978 for discussion).

Digestion of chromatin with nucleases is another approach which

has been used for analyzing the structure of template-active chromatin.

Transcribed genes are contained within regions of the chromatin that are

sensitive to digestion with staphylococcal nuclease, as well as within

regions that are protected from nuclease digestion (Axel et al., 197lia;

Axel et al., 1975). Thus the accessibility of active genes to RNA

polymerase cannot be attributed simply to the absence of histones where

transcription occurs. Furthermore the template-active portion of the

genome was shown to be organized into the same basic nucleosome structure

as total chromatin, as measured by staphylococcal nuclease sensitivity

(Lacy and Axel, l075).

Nuclease digestion has been used to probe in more detail the struc

tural organization of chromatin in the regions of transcribed genes.

In contrast to the results with staphylococcal nuclease digestion,

active genes were found to be more susceptible to attack by DNase I

than inactive genes, suggesting that although template-active chromatin

is organized as nucleosomes, it exists in an altered conformation.

The selective degradation of DNA in active genes by DNase I was first

demonstrated for globin sequences in developing red blood cells that

are actively synthesizing globin mRNA. Ovalbumin sequences are not

preferentially digested in the same cells, nor are globin genes in

nonerythroid cells (Weintraub & Groudine, l076). The DNA of actively

transcribed ovalbumin genes in oviduct tissue exhibits a similar

sensitivity (Garel & Axel, l976). Both groups have shown that a high

level of transcription is not required to maintain DNase I suscepti
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bility; less active genes (Garel et al., 1977) as well as those that

are no longer transcribed (Weintraub & Groudine, l976) are as sensitive

to DNase I as the highly active genes. Furthermore, the altered confor

mation is limited to the sequences coding for mRNA, and within three or

four nucleosomes upstream from the 5' end in the case of integrated

viral DNA (Flint & Weintraub, l977). Weintraub and Groudine (lg76)

originally suggested that the increased DNase I sensitivity of DNA in

active genes reflects an altered conformation within the nucleosome

rather than a difference in the way the nucleosomes are packaged into

higher order structures. They obtained experimental support for this by

showing that digestion of mononucleosomes with DNase I exhibited the

same preferential susceptibility of active sequences. However this

conclusion is in dispute due to conflicting results obtained by two other

groups. Bellard et al. (1978) found that although micrococcal nuclease

digests active chromatin to mononucleosomes with the same characteristics

as those from inactive genes the rate of digestion is faster for active

genes. These observations suggest greater accessibility of the region

containing active genes. Also Garel and Axel (1976) did not find that

isolated mononucleosomes retain the increased DNase I sensitivity for active

genes.

Transciptionally active chromatin also has an increased sensitivity

to attack by DNase II (Bonner et al., 1971; ; Gottesfeld & Partington,

l977). Digestion with DNase II results in the release of intact mono

nucleosomes rather than in degradation within the nucleosome as occurs

with DNase I. Differential solubility of the released particles compared

to total chromatin has been used to fractionate active and inactive

chromatin (Gottesfeld et al., 1971; ). The released particles have an
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increased sedimentation rate compared to nucleosomes and are enriched

for non-histone proteins and RNA (Gottesfeld et al. , 1975). Acetylated

histone Hl, has also been found to be preferentially associated with

the released particles (Davie & Candido, l978). However the following

attempts to reveal other differences in subnucleosome organization

between the isolated subunits of active and inactive chromatin have been

negative. The length of DNA and the amount of the four types of histones

in the subunits are the same; when visualized by electron microscopy,

the subunits of active chromatin released by DNase II digestion appear

identical to the 100 R spherical particles that are characteristic of

total chromatin (Gottesfeld & Butler, l977). The sequences that are

contained in the DNase II-released subunits are the same as those that

are preferentially degraded by DNase I, however no difference was detected

in the pattern of multimers of the DNase I lo-nucleotide repeat between

inactive and active subunits (Gottesfeld & Butler, 1977).

Electron Microscopy of Transcriptionally-Active Chromatin

Visualization of the transcription process has been possible in

electron micrographs of transcriptionally active chromatin. The structure

of the chromatin underlying arrays of nascent RNA chains has been

analyzed in comparison with inactive regions. Whereas the bulk of the

chromatin appears as beaded fibers that are characteristic of arrange—

ment into nucleosomes, the chromatin within ribosomal transcription

units has a nonbeaded morphology (Foe et al., 1976; Foe, 1978; McKnight

& Miller, l076). The chromatin structures underlying nonribosomal

transcription units have generally been seen as beaded (Ratner et al.,

1975; Foe et al., 1976; Foe, 1978; McKnight et al., 1978). However

in very actively transcribing lampbrush chromosomes it is nonbeaded
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(Franke et al., 1976; Franke et al., 1978). It has been suggested that

very actively transcibed genes, including ribosomal RNA genes, are

present in nonbeaded, extended conformations and less active genes are

packed into beaded structures resembling nucleosomes (McKnight et al.,

loT8).

The extended, nonbeaded regions of chromatin are probably associated

with proteins since the width of the fiber is about 70 X compared to

approximately 20 Å for free DNA (Foe et al., 1976). Under certain

conditions of preparation and at higher magnification chromatin of

ribosomal transcription units is shown to have a particulate substructure

(Foe, l078). Whether or not the proteins in such regions are histones

has not been demonstrated. However it has been shown for a transcrip

tion unit with a nucleosomal morphology that antibodies against histones

H2B and H3 react to the same extent in the transcribed region as in the

inactive chromatin (McKnight et al., 1978). And antibodies against

H3 and Hl interact with puffed regions of polytene chromosomes, which

are sites of RNA synthesis (Elgin et al., 1978).

The electron microscopy data have revealed that active regions can

exist in a nonbeaded conformation. Yet active genes are digested with

nucleases in a way that is characteristic of nucleosomes. A possible

reconciliation of these observations has come with the demonstration

that chromatin can be induced to unfold by treatment with urea or low

salt (Bartley & Chalkley, 1973; Zama et al., 1978; Oudet et al., 1978b);

the resultant structures appear in the electron microscope to be extended

and have lost the regular nucleosome structure (Zama et al., 1978).

Despite the disruption of nucleosome structure, nuclease digestion of

chromatin that has been treated in this way results in a set of fragments
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very similar to that from native chromatin (Jackson & Chalkley, l975;

Yaneva & Dessev, l076; Oudet et al., 1978b). Thus the histone-DNA

interactions that are responsible for partial protection from nuclease

digestion appear to be preserved in unfolded states of chromatin.

Histone Modification and Non-Histone Chromosomal Proteins

Although the basic structural features of chromatin are beginning

to be understood, and it is clear that transcriptionally active chromatin

differs in organization from inactive chromatin, the structural altera–

tions that underly these changes in function are unknown. However,

histones are known to undergo modifications which are suggested to be

correlated with changes in the functional state of the chromatin. In

addition, the non-histone chromosomal proteins could include proteins

which modulate chromatin structure and function.

With regard to the non-histone chromosomal proteins a specific

class called high-mobility-group (HMG) proteins, has been identified in

chromatin (Goodwin & Johns, 1973) and isolated nucleosomes (Goodwin et al.,

1977) from a mammalian source. Analogous proteins have been found in

fish and are proposed to be associated with the active regions of chromatin

Since they are preferentially released from chromatin during digestion

with DNase I and DNase II (Levy W. et al., 1977, l078).

Modification of histones occurs post-synthetically at specific

sites to yield phosphorylated, methylated and acetylated forms (Allfrey,

197l). By several different experimental approaches it has been shown

that there is a correlation between histone acetylation and transcrip

tional activity (Ruiz-Carrillo et al., 1975; Allfrey, 1977; Johnson &

Allfrey, l978). There are two Organisms that provide a striking demon

stration of this correlation due to the fact that active and inactive
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portions of the genome are clearly identifiable within single cells.

In the one case the mealybug Planococcus citrii incorporates seven times

more acetate into the active maternal chromosome than into the seques

tered paternal chromosomes (Berlowitz & Pallotta, l972). In the other

case the protozoan Tetrahymena pyriformis contains acetylated Hli in the

transcriptionally active macronucleus and non-acetylated Hli in the less

active micronucleus (Gorovsky et al., 1973). Other examples are pro

vided by the decrease in acetylation of H3 and Hll as transcriptional

activity is suppressed in developing erythrocytes (Ruiz-Carrillo et al.,

l976) and by the absence of acetylated histone in quiescent sperm,

followed by the reappearance of acetylated H3 and Hll after fertilization

(Wangh et al., 1972). A variety of treatments that induce gene activity

have also been shown to cause an increase in histone acetylation.

Among such treatments are mitogenis (Pogo et al., 1966) and hormonal

stimulation (Libby, l072), and viral transformation (Krause & Stein,

lg75).

The amino acid residues that are subject to acetylation in all four

core histones occur only in the amino-terminal regions. The amino

terminal regions are highly positively charged due to the clustering

of basic amino acids there; thus electrostatic interaction of these

regions of the histones with the negatively charged phosphate groups

of the DNA backbone is thought to be important in the maintenance of

nucleosome structure. Support for this idea has come from the observa–

tion that selective removal of the amino-terminal regions of the histones

within the nucleosome by trypsinization results in increased suscepti

bility of the DNA to nuclease digestion (Weintraub & Van Lente, 197l).

Acetylation results in the reduction of the positive charge of the histone
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amino-terminal region and thus is expected to reduce the strength of

the interaction with the DNA, perhaps in such a way that allows unfolding

of the DNA. In direct demonstration of the correlation between acetyla

tion and nuclease susceptibility, Vidali et al. (1978) have shown that

when the acetylated forms of H3 and Hl, accumulate, the rate of DNA

degradation by DNase I increases. The close association of the acetyla

ted histones with the nuclease-sensitive DNA is revealed by the selective

loss of these histones during digestion. Although a correlation between

histone acetylation and transcriptional activity has been found in many

different systems, it is not clear whether histone acetylation is the

cause of activation of the template. Furthermore the mechanisms under

lying selective acetylation and activation are not at all understood.
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INTRODUCTION TO THE THESIS

Eucaryotic organisms have undoubtedly developed more complex

regulatory mechanisms in parallel with the evolution of complex struc

tural Organization. However underlying virtually all models for regu

lation of gene expression in eucaryotes are the concepts of positive and

negative regulation of transcription that have been elucidated in

procaryotes. These mechanisms are based on the recognition of specific

DNA sequences, located adjacent to the 5' end of structural genes,

by activator and repressor proteins whose active or inactive confor

mations are usually determined by small effector molecules (Jacob &

Monod, l06l; Gilbert & Muller-Hill, 1970; Eron & Block,l 971; Ptashne,

l971; Hua & Markovitz, 1971; ; Engelsberg et al., 1969; Roth et al., 1966;

Squires et al., 1975; see also Lewin lg7l).

Although attempts have been made to implicate the non-histone

chromosomal proteins as specific modulators of transcription (for a

review see O'Malley et al., lg77), there is only one well-defined class

of proteins in eucaryotes which can be recognized as analogs of procaryotic

regulatory proteins (Yamamoto & Alberts, l976). These proteins, the

receptors for steroid hormones, appear to act in a way similar to

procaryotic activator proteins in that together with the appropriate

steroid hormone (effector molecule), they induce the expression of

Specific genes. However in only one case has it been clearly shown that

the steroid hormone—receptor complex directly affects the rate of

transcription of a specific gene (Ringold et al., 1977) and as yet an

interaction between the protein and a specific DNA sequence has not been

Observed.

Genetic analysis has revealed that both positive and negative
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regulation exist in eucaryotes, which can be interpreted in terms of

known elements in procaryotic systems. For example mutations which

affect the level of expression of xanthine dehydrogenase (Chovnick

et al., 1977) and alcohol dehydrogenase (Thompson et al., 1977) in

Drosophila have been found which occur outside of the structural gene in

the region adjacent to the 5' end. In the case of alcohol dehydro

genase the control mutation maps very close to the structural gene.

However the mutation in the putative control region of the xanthine

dehydrogenase gene lies several hundred base pairs away from the

structural gene. This suggests that some control mechanisms in

eucaryotes may not be strictly analogous to those in procaryotes.

Mutations which are located upstream from the structural gene and which

alter the inducibility of an enzyme have also been described in two

cases in Aspergillus (Hynes, l975; Arst & Scazzocchio, l975; Scazzocchio

& Arst, 1978). These observations are consistent with alterations in

the binding site for either RNA polymerase or a regulatory molecule,

either an activator or a repressor. Constitutive expression of genes in

both yeast (Wiame, 197l) and Aspergillus (Arst & MacDonald, 1975) has

been interpreted in terms of inactivation of an operator for a negative

regulatory protein and in the case of carbamoylphosphate synthetase in

yeast (Thuriaux et al., 1972) both cis-dominant (operator—like) and

recessive (repressor—like) mutations have been isolated. Furthermore,

there are two systems in yeast, the regulation of the galactose pathway

(Douglas & Hawthorne, 1966; Hopper et al., 1978) and of acid phosphatase

synthesis (Toh-e & Oshima, 1971), which display both positive and negative

regulation. In these systems constitutive expression of a structural

gene has been attributed to the constant presence of an activator protein
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which is no longer repressed, due to an operator mutation. However

recent findings have suggested a different mechanism of regulation in

the case of the galactose gene cluster (Perlman & Hopper, 1979).

This illustrates that caution should be exercised in the interpretation

of eucaryotic control mechanisms in terms of the elements that have

been described in procaryotes.

The basic aim of the work described in this thesis was to develop a

simple in vitro model system for studying control of transcription in

eucaryotes. The intent was to create a well-defined system in which to

investigate how positive and negative transcriptional regulatory proteins

interact with their DNA binding sites when the template is organized

into nucleosomes.

The system that was chosen as a model for positive and negative

control mechanisms is the very well-characterized lac operon of E. coli

(Beckwith & Zipser, l970). This operon governs the expression of three

genes which code for the enzymes involved in lactose metabolism, 8-galac

tosidase from the z gene and permease and transacetylase from the y and

a genes, respectively. Inhibition of transcription of this operon is

accomplished through a negative control mechanism; the lac repressor

protein blocks RNA synthesis by binding to the operator region (o) of

the DNA, which is adjacent to the 5' end of the structural genes. In

the absence of inducer, the interaction of repressor with the operator

DNA sequence is of very high affinity, displaying a K

107**M (Riggs et al., 1970a,b). When inducer is present the binding

d of approximately

of repressor to the operator is greatly reduced, thus allowing RNA

polymerase to bind to the promoter region of the DNA which is adjacent

to the operator, and commence RNA synthesis.
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A positive control mechanism, which monitors glucose concentration

in the cell, also regulates lac gene expression. At low glucose levels

cellular cyclic AMP (cAMP) concentrations are high. The cAMP inter

acts with catabolite—activator–protein (CAP) to increase its affinity

for a specific site within the lac promoter region. Binding of the

CAP-cAMP complex is thought to facilitate the local denaturation of

DNA required for initiation of transcription (Nakanishi et al., 1975).

The binding constant for the interaction of CAP with its specific

site on the DNA has not been precisely determined, but is a weaker

interaction than that between repressor and operator DNA. Due to

nonspecific DNA binding the interaction of CAP with a specific sequence

could not be demonstrated until the lac control region was isolated

on a 200 base pair DNA fragment (Majors, l075). Using as templates

lambdoid phage into which the lac operon had been inserted, in vitro

transcription systems were developed in which the in vivo control

mechanisms were reconstructed. Lac-specific transcription was shown

to be inhibited by purified repressor and activated by purified CAP

and cAMP (de Crombrugghe et al., 197l; Eron & Block, l07l). The

entire nucleotide sequence of the control region of the lac operon

has been determined and many details of the interaction with CAP,

RNA polymerase and repressor have been described (Gilbert & Maxam,

l973; Dickson et al., 1975; Gilbert et al., 1976a,b; Ogata & Gilbert ,

l977, l078; Goeddel et al., 1978; Johnsrud, 1978).

For the experiments described in this thesis the templates for

transcription were bacterial plasmids into which the control region of

the lac operon had been inserted. For the investigation of the inter

action of regulatory proteins with a chromatin template, the plasmid
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DNA was assembled into nucleosomes.

The conversion of the plasmid DNA into chromatin was accomplished

in a cell-free system which was designed to reconstitute chromatin

under conditions similar to in vivo chromatin assembly. This system is

an extract prepared from unfertilized eggs of Xenopus laevis.

It was shown by Laskey et al. (1977) that the supernatant prepared

from Xenopus eggs contains a stored histone pool and all other factors

necessary for the conversion of SVl:0 DNA into a nucleohistone complex

which has characteristics similar to those of the SVl:0 minichromosome

that exists in vivo. These investigators applied several criteria for

the assessment of minichromosome structure including an increased

sedimentation rate in a sucrose gradient, the introduction of super

helical turns into the DNA, and the acquisition of a DNase digestion

pattern characteristic of DNA protected by nucleosomes. Later, Laskey

et al. (1978a) also reported that these nucleohistone complexes, when

visualized by electron microscopy, have a beaded appearance, resembling

the repeating nucleosomal structure of native SVl:0 minichromosomes.

For all the work described in this thesis, the supernatant of a

crude extract of Xenopus eggs obtained by centrifugation at ll. 5,000g was

used for the chromatin assembly reactions. However it was subsequently

reported by Laskey et al. (1978b) that the protein responsible for

nucleosome assembly has been purified. It is an acidic protein, probably

consisting of at least four identical subunits of molecular weight

29,000. This protein is remarkably thermostable; activity is retained

after incubation at 80° for lo minutes. The protein is thought to

function by binding histones and transferring them to DNA to form

nucleosomes. The nucleosome assembly reaction appears to require only
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the purified assembly protein and purified DNA and histones. Nicking—

closing enzyme activity is required only when the insertion of super

helical turns into circular DNA is of interest for monitoring the

assembly process.

Thus the system for studying the action of transcriptional regu

latory proteins on a chromatin template consisted of a small DNA molecule,

containing the lac operator and promoter, which was organized into

nucleosomes. The ability of purified CAP to modulate transcription

from this template compared to free DNA was analyzed.
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MATERIALS AND METHODS

MEDIA

L Broth was made by the addition of 0.5% glucose to LB medium

described by Miller (1972).

Supplemented M9 contained, in addition to the M9 salts described

by Miller (1972), 0.11% glucose 0.lmM CaCl lm'■ MgSO), lug/ml Bl,2 *

10011g/ml proline, l00ug/ml leucine, and 0.11% casamino acids. When

cells were grown for the radioactive labeling of plasmid DNA in vivo,

the casamino acid solution was treated with activated charcoal (BDH),

which was then removed by filtration. Ampicillin (Bristol Labs)

and tetracycline (Sigma) were used at a final concentration of

2011g/ml.

PLASMIDS, PHAGE, AND BACTERIAL STRAINS

The plasmids that were used in this work are listed in Table I. A

summary of how these plasmids were constructed is included as a reference

for the relatedness of various regions of the plasmids.

The bacterial strains which contain the plasmids are derivatives of

E. coli Kl2. The phenotype of HBlol is FT pro leu thi lacy strºr, nº
Endo■ reca RR1 is a reca derivative of HBiol (Bolivar et al.,
1977a). LHl is a low-thymine—requiring derivative of HB10l. The low

thymine—requiring strain was obtained by growth in the presence of

trimethoprim (Sigma). The selective conditions described by Miller

(1972) were employed in the following order. Overnight cultures of

HBlOl, grown under non-selective conditions, were plated onto selective

plates containing loug/ml trimethoprim and 50p g/ml thymine. Colonies

from these plates were suspended in 0.9% NaCl and streaked onto the
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TABLE I: A List of the Plasmids Used for the Work in this Thesis

*The molecular weights of these plasmids have been revised from those
stated in the references, based on the determination of the entire
nucleotide sequence of pHR322 (G. Sutcliffe, personal communication).
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TABLEI:AListofthePlasmidsUsedfortheWorkinthisThesis

Bacterial

MolecularPhenotypeStrain WeightConferredContaining

PlasmidReferenceMegadaltons
byPlasmidPlasmidBasicFeatures
ofMethodof
Contruction RSF212,Soetal.7.l;Ap”RRLCol.Fl

+Tn4(geneforampicillinresistance)
lg/6

pBGP100Polisky
etll.8Ap”RRLRSF212||
4
EcoRIfragmentfromAplacBcontaining

al.,1976lacoperator,promoterandmostofzgene

pHGP120Poliskyetll.5Ap”RR1RemovalofoneEcoRIsitefrompHGP100suchthat

al.,1976onlytheEcoRIsitedownstreamfromthezgene

remains

pMB9Bolivaret3.5Te”RR1Gene(s)for
tetracyclineresistancefrompSC101

al.,1977
a

combinedwith
a

Col.Fl—likeplasmid(pMB8)

pHR322Bolivaret2.9%ApºTeºRR1AmpicillinresistanceoriginallyfromTn4;

al.,1977bLHl
tetracyclineresistancefromp■ H9;originof

replicationderivedfromColel

pBH2OItakura,et3.0%ApºTe”pHR322
+
HaelII
fragmentfromAplacScontaining

al.,l'977lacoperator,promoterandshortsegmentofz

RR1gene

pHH2OAH.
Heyneker2.8Ap”HBLOlRemovalofsmallEcoRI-BamHIfragmentfrompHH20 (EcoRI-unpublished

LHlBamHI)experiments pHH2OAH.
Heyneker2.6Ap”RemovalofsmallEcoRI-SalTfragmentfrompHH20 (EcoRI-unpublished Sall)experiments
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same selective plates. The resultant single colonies were high-thymine—

requirers. Overnight growth of a high-thymine—requiring strain in

selective liquid culture, with 101g/ml trimethoprim and 50.11g/ml thymine,

followed by plating and repurification of colonies by streaking onto

plates with lug/ml thymine resulted in single colonies of low-thymine

requirers. The medium used for both plates and liquid culture was

supplemented M9 without casamino acids.

The phage XCI857S7 and AplacBCI857S7 (Miller, 1972) were carried as

temperature-inducible lysogens in HBlol and Gllil respectively.

E. coli strain KLFlil/JCl553 (Anderson et al., 1971), which was

used for the purification of CAP protein, was provided by A. Riggs.

TRANSFORMATION OF BACTERIA

In preparation for transformation, linear DNA molecules with

cohesive ends were converted to the closed circular form by ligation

with E. coli ligase (New England Biolabs). The reaction conditions,

which are a modification of those described by Modrich and Lehman (1970),

were as follows: in a reaction mixture containing 20mM Tris–Cl pH 7.5,

10mM MgCl2, 26LM NAD, and 50mg/ml. BSA, DNA in low concentration (2ng/ml,
to favor self-ligation) was incubated with E. coli ligase at a ratio of

l–5 units/ug DNA. After incubation at lj°C for six hours, the reaction

was stopped by precipitation with two volumes of ethanol in the presence

of 0.2M sodium acetate pH 5.

The procedure used for bacterial transformation is based on that

described by Cohen et al. (1972), with modifications suggested by R.

Bishop. The cells were made competent to take up DNA by treatment with

CaCl2, as follows. The cells were grown in L Broth to an optical density2

of 0.6–0.7 at 660mm. They were chilled quickly to 0° followed by
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centrifugation at l, 9 for 5 minutes at 7000 rpm in the Sorvall SS3||

rotor. All subsequent steps were conducted at 0–lº except as noted.

The pellet was washed with an equal volume of 0.0l.M. NaCl, centrifuged

again as above , and resuspended in an equal volume of 0.03M CaCl2.
After 20 minutes at 0° the cells were pelleted by centrifugation for 5

minutes at lo,000 rpm in the SS3, rotor, and resuspended in 0.03M

CaCl2, in a volume approximately 0.03 times the original volume of

cells. For transformation, 2001l of this cell suspension was combined

with 50–750ng DNA in 100Ll 0.03M CaCl with Or Without BSA at 500 ug/ml.2 ”

Incubation for 60 minutes at 0° was followed by a heat pulse of l.2° for

l minute. The reactions were then diluted with 3ml L Broth, incubated

for 60 minutes at 37°, and plated on selective plates containing 2011g/ml

ampicillin.

DNA PURTFICATION

Miniscreens of Transformants

In order to quickly screen transformants by gel electrophoretic

analysis of the DNA, the plasmid DNA was purified by modification of

a procedure (Meagher et al., 1977) that facilitates the preparation of

several samples at once. Overnight cultures were grown in 2ml of L

Broth with 2011g/ml ampicillin. The subsequent steps were all carried

out in l.5ml polypropylene tubes; centrifugations were performed at l; *

in the Brinkmann microfuge. The cells were pelleted for 5 minutes and

resuspended in 0.25ml 25% sucrose, 50mM Tris–Cl, pH 8 at lºº. Then 50Ll

lysozyme at 5mg/ml was added followed by 70 ul from a Na–EDTA 0.25M stock

solution at pH 7.5. Then loug/ml RNase was added, followed by 0.2ml

Triton lytic mix (see section on plasmid DNA purification). After

incubation on ice for 5 minutes the lysate was cleared by sedimentation
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phenol: chloroform, l:l. The aqueous phase was recovered and extracted

two or three times with ether. The DNA was precipitated in 0.3M NaCl

by the addition of two volumes of ethanol and kept at –70° for l hour.

The following steps are a modification suggested by M. So which allow

subsequent digestion of the DNA with restriction enzymes. The preci

pitate was collected by a lº minute centrifugation. The brown, gelatinous

pellet was resuspended in 5m.M Tris–Cl pH 7.9, 0.25mm Na-EDTA pH 7.5.

From a lox stock solution at pH 5, magnesium acetate and lithium acetate

were added to 0.05M and 0.25M, respectively. Precipitation with three

volumes of ethanol at –70° for l hour, followed by a 15 minute centri

fugation, yielded a white pellet. There is sufficient material in one

tenth of each sample for analysis by gel electrophoresis.

Plasmid DNA

For the purification of plasmid DNA, cells were grown in supple

mented M9 with ampicillin to an OP650 of l, at which time chloramphen

icol (Sigma) was added to a final concentration of 250 ug/ml to amplify

the plasmid DNA (Clewell, 1972). For the preparation of radioactively

labeled DNA, either (methyl-‘ilthymine Or (methyl-ºil-thymidine (New

England Nuclear or Amersham) was added l–2 hours after the chloram

phenicol addition to a final concentration of 2011Ci/ml; the cells were

then harvested 8 hours after the chloramphenicol was added. In order

to recover DNA with a specific activity greater than 250,000 cpm/ug,

the low-thymine—requiring strain described above was used for the

preparation of labeled plasmid DNA. Unlabeled cultures were harvested

15 to 20 hours after the chloramphenicol addition by pelleting for 10

minutes at 8000 rpm in the Sorvall GSA or GS3 rotor. A method derived
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from one described by Clewell and Helinski (1969; Kupersztock & Helinski,

l973) was used for the preparation of cleared lysates as follows. Cell

pellets were resuspended in 20ml 10mM Tris–Cl pH 7.9, lm'■ Na-EDTA pH 7.5,

sedimented for 7 minutes at 8000 rpm in the Sorvall SS3, rotor, and

frozen at −20° for at least 15 minutes. (The volumes refer to l liter

cultures; 100ml cultures were processed in .5X volumes.) The cells were

resuspended in 10ml 25% sucrose, 50mM Tris–Cl pH 7.9; then 2ml lysozyme

(Sigma) at 5mg/ml and liml 0.25M Na-EDTA pH 8 was added. After 15–115

minutes on ice, 16ml Triton lytic mix (0.1% Triton X-100, 0.0625M Na

EDTA pH 7.5, 0.05M Tris–Cl pH 7.9) was added. After additional 5

minutes on ice and 5 minutes at 37° the lysates were centrifuged at l”

for 60 minutes in the Sorvall SS3, at l8,000 rpm. The decanted super

natant, referred to as cleared lysate, was digested with loug/ml RNase A

for 30 minutes at 37°. The cleared lysate was extracted once with an

equal volume of phenol: cloroform (l:l) and once with an equal volume of

chloroform: isoamyl alcohol (21:l) and the nucleic acid was precipitated

by the addition of NaCl to 0.3M and 2 volumes of ethanol.

Plasmid DNA was purified away from residual bacterial chromosomal

DNA by equilibrium sedimentation in CsCl—propidium diiodide (pdi)

gradients (Smith et al., 1971). DNA in 10ml 10mM Tris–Cl pH 7.9,

lmM Na-EDTA pH 7.5 (TE) was mixed with llg CsCl and 0.75 ml from a

2mg/ml solution of pdi, distributed to 2 tubes, and centrifuged at 20°

for at least 21 hours in a Beckman 50Ti rotor at l;3,000 rpm. The gradient

was illuminated with a UV lamp of wavelength 375nm; the lower band of

plasmid DNA was collected and the pdi was removed by extraction ten

times with an equal volume of CsCl-saturated isopropanol (Sebring et

al. , l97l), while maintaining the original volume with TE. Brief dialysis
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against TE or A50 buffer, followed by ethanol precipitation if reduction

of the volume was required, was performed in preparation for the next

step.

In order to remove contaminating RNA, the material was chromato—

graphed on a 15ml Biogel A50 (Bio-Rad) column in 10mM Tris–Cl pH 7.9, l

mM Na-EDTA pH 7.5, 100mM NaCl. The plasmid DNA was recovered in the

excluded volume, ethanol precipitated, and dialyzed extensively against

10mM Tris–Cl pH 7.9, 0.1mM Na-EDTA pH 7.5.

Phage DNA

The purification of X and Aplac{5 phage was carried out as described

by Miller (1972); the modifications suggested by D. Gelfand are detailed

here. The cultures were incubated at 30°; growth was monitored by

optical density at 660mm. The initial OD was 0.05; when it reached 0.6–0.7,

the temperature induction was accomplished by vigorous swirling in a

l;2° water bath for 20 minutes. Growth at 37° was for 3 hours. The

cells were resuspended in 100ml of the buffer used by Miller and lyso

zyme was added to 250Ug/ml. After the freeze/thaw step ljml chloroform

was added; then the DNase digestion was carried out as described. The

block gradients were prepared as described except that each layer was

3ml and a 2ml overlay of 20% sucrose in phage buffer was included.

The DNA was purified from the phage by adding SDS to 0.5% and

extracting with phenol: chloroform (l:l) and chloroform: isoamyl

alcohol (21:l).
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PURIFICATION OF PROTEINS

Catabolite Activator Protein

Catabolite activator protein (CAP) was purified from E. coli

KLFlil/JCl553. The procedure described by Anderson et al. (1971) was

used with modifications suggested by A. Riggs, H. Heyneker, and D.

Russel. The cells were grown in a high density fermentor in 10g

tryptone, 22g yeast extract, and liml glycerol per liter; a 6 liter

culture yielded ll,0g of cells. The cells were suspended in 50mM Tris–

Cl pH 7.5, 10mM MgCl2, 0.2M KCl, 0.1mM DTT, 0.1mM Na-EDTA, 5% glycerol2 ”

and were broken by sonication twice for 30 seconds each. After digestion

for 30 minutes at 0° with 31 g/ml DNase, the supernatant was recovered

following centri fugation in the Beckman 35 rotor at 30,000 rpm for 2.5

hours. The order of the purification steps was changed from that used

by Anderson et al (197l) such that ammonium sulfate precipitation was

performed first by the addition at 0° of 28g solid (NHL)2SO), per 100 ml,

while maintaining pH 7.5 with NHOH. The precipitate was resuspended in

and dialyzed against Buffer B of Anderson et al. to which was added

0.05M KCl. Phosphocellulose chromatography was performed as described

except that the starting elution buffer contained 0.05M KCl; cAMP binding

activity eluted at about 0.7M KCl. Precipitation with 60% (NH)2SO,
and gel filtration on Sephadex Glò0 were as described except that the

buffer was 60mM Tris–Cl pH 8, 0.05M KCl, 0.5m M DTT, 5% glycerol. Frac

tionation on DEAE cellulose was the last step and was carried out by

passing the pooled material from the Sephadex column through a 0.7ml

column of DE52 (Whatman) equilibrated with the same buffer as was used

for the Sephadex column. The flow—through was concentrated by dialysis

against 20mM potassium phosphate pH 7, 50mM KCl, 0.1mM Na-EDTA, 0.5m'■
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DTT, 50% glycerol and stored at -20°. A yield of 3.2mg of protein was

obtained from ll,0g of cells. The protein concentration was determined

by the Lowry procedure (Lowry et al., 1951); the purity was estimated at

approximately 70% by gel electrophoretic analysis. No contaminating

ribonuclease activity was detectable when RNA that had been exposed to

CAP was analyzed by gel electrophoresis.

Repressor

Lac repressor, which had been purified as described by Rosenberg

et al. (1977), was provided by A. Riggs.

Histones

Xenopus laevis histones were purified from blood, which was obtained

by puncture of the heart. With modifications suggested by L. Etkin, the

procedure described by Destree, et al. (1973) was used. The blood was

collected in 0.ll. M. NaCl, 3% heparin, adjusted to pH 7.5 with solid Tris

base. Packed cells were resuspended in lo volumes 2. HM sucrose, 5m M

Tris–Cl pH 7.5, 3m'■ CaCl 50mM NaSO., and homogenized with 10 strokes in2 ” 3

a metal homogenizer. The nuclear pellet was obtained by centrifugation

for 2 hours in a Beckman 50Ti, rotor at l;0,000 rpm and was washed twice

with 0.1M NaCl, 10mM Tris–Cl pH 8, 3m, CaCl2, 50mM NaHS03. Lysis was3'

accomplished in 10mM Na-EDTA, 10mM Tris–Cl pH 8, 50mM NaHSos with 10

strokes in a homogenizer. The chromatin was then resuspended successively

in Tris–Cl pH 8 of molarity 0.05M, 0.01M, and 0.001M. The pellet was

resuspended each time in a Dounce homogenizer fitted with a B pestle.

The final resuspension was in H20. For the extraction of histones,

H2SO), Was added to 0. HN and NaHS03 to 50mM, and stirring was continued

for 16 hours. Following the ethanol washes, the histones were precipi

tated once with 20% TCA and washed 3 times with acetone before being



l;2

resuspended in H20 and stored at –70°. The yield from 0.75ml packed2

cells was 20011g of protein.

Calf thymus histones, which were provided by L. Cousens, were

extracted with 0. N. H. So, from nuclei prepared as described (Wang,
l968).

PREPARATION OF EXTRACT FROM EGGS OF XENOPUS LAEWIS

The procedure developed by Laskey et al. (1977) for the preparation

of the egg extract for chromatin assembly was followed with minor modi

fications which are described below. The toads were injected with 500

units of human chorionic gonadotropin (Sigma) 8–12 hours prior to collec

tion of the eggs; for most preparations the animals had also been injected

previously with pregnant mare serum. The toads were kept in modified

Ringer's solution and the eggs that accumulated in the tank were

collected. In some cases eggs were also squeezed from the animals. The

eggs were dejellied with l.2% cysteine, pH 7.8 and were washed with

modified Ringer's solution (0.1M NaCl, 1.8mV KCl, 2mm CaCl lmM2 ”

MgCl2, l.5mm Tris–Cl pH 7.8, 0.01% NaHCO3). Homogenization was done in2 ” 3

a glass Dounce fitted with an A pestle with a clearance of 0.025 inches.

The final extract, which was stored in liquid nitrogen, was stable to

freezing and thawing at least 3 or l; times.

CHROMATIN ASSEMBLY

The conditions used for chromatin assembly are those described by

Laskey et al. (1977). The DNA was lyophilized to dryness before the

addition of egg extract; the contribution of buffer to the final reaction

was always less than 10mM Tris–Cl pH 7.9, 0.1mM Na-EDTA pH 7.5. The

usual reaction conditions were a 3 hour incubation at 19–20° with 2011.l
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egg extract per ug DNA, except as noted. The dilution buffer used in

some experiments, 10mM Hepes pH 8, 0.12M KCl, 2nM MgCl2, was recommended

by R. Laskey (personal communication). The sources of ligases used in

some experiments were as follows: superhelical DNA relaxing enzyme

(nicking/closing enzyme) was from Bethesda Research Labs ; E. coli ligase

(500 units/ml) was from New England Biolabs; and Tll ligase, (500 units/ml)

which had been purified as described (Panet et al., 1973), was provided

by H. Heyneker. The conditions for their use are described in the text

and figure legends.

SUCROSE GRADIENT SEDIMENTATION

The conditions for sucrose gradient sedimentation are those

described by Laskey et al. (1977): 5ml 5–20% linear sucrose gradients

contained 60mM KCl, 20mM Tris–Cl pH 7.5, lm M. Na-EDTA pH 7.5. In some

cases the gradient was formed over 2001/l 60% sucrose in the same buffer.

The samples to be loaded on gradients, generally 50–150\ll, were adjusted

to 10mM Na-EDTA pH 7.5, 0.25% Triton X-100, 10mM Tris–Cl pH 7.9, except

when the sample was a transcription complex; in that case samples were

either adjusted to 10mM Na-EDTA pH 7.5 or loaded directly on the gradient.

Centrifugation was performed at l” in a Beckman SW50.1 rotor at lili,000

rpm, usually for l. 75 hours except as noted. Gradients were fraction

ated by collection from the top with a Densi–flow (Buchler) fraction

collector. The fractions were collected into polypropylene tubes in

order to avoid the considerable loss of chromatin in glass tubes. In

preparative gradients, tritiated DNA was located by spotting small

aliquots from the fractions directly onto glass fiber filters and counting

in 0.11% Omnifluor in toluene. For analytical purposes, tritiated DNA

was assayed by diluting the fractions with 1.0ml H2O and counting in2
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loml Aquasol or by collecting fractions directly onto glass fiber

filters. 32 P–RNA transcription products were assayed by precipitation

of fractions with 10% TCA, collection on glass fiber filters and counting

in toluene–Omni fluor.

PREPARATION OF CHROMATIN FOR TRANSCRIPTION

For all chromatin assembly reactions that would be used for trans

cription, the specific activity of the DNA was adjusted to 250,000cpm/ug

by mixing tritiated and unlabeled DNA. After incubation and sucrose

gradient sedimentation as described above, the fractions containing

chromatin were pooled in 2ml (5/16" X 1 lj/16") cellulose nitrate tubes

and centrifuged at liº for 12–21 hours in a Beckman 50Ti rotor at l;0,000

rpm. The pellet was resuspended in a small volume, generally l()–2011

of 0.2m M. Na-EDTA pH 7.5 or 10mM Tris–Cl pH 7.9, O. lmM Na-EDTA pH 7.5.

Approximately 35–65% recovery of chromatin was achieved through the

sucrose gradient and pelleting steps, as measured by radioactivity in

DNA.

TODTNATION OF PROTEINS

The conditions for iodination of proteins with Bolton/Hunter

reagent (New England Nuclear) were adapted from those reported by Bolton

and Hunter (1973). For each sample louci of Bolton/Hunter reagent

(1500Ci/mmole) was evaporated in a siliconized glass tube. Protein

samples (0.01–0.5ug) in 50Ll of O. lº■ borate pH 8.5 were added and incubated

for l hour at 0°. Glycine was added to a final concentration of 0.1–

0.16M and the incubation at 0° was continued for l–3 hours. Carrier

proteins, 2.11g each BSA and histones, were added and the samples were

precipitated by the addition of 50% TCA/2mg/ml deoxycholate to a final
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concentration of 20% TCA, followed by a 30 minute incubation at 0°. In

some cases the carrier histones were not added until just prior to gel

electrophoretic analysis of the proteins. The precipitate was collected

by centrifugation and washed once with ether.

CONDITIONS FOR FIXING CHROMATIN

Two protocols for aldehyde fixation of proteins to DNA in chromatin

were employed. When only glutaraldehyde was used (Thoma & Koller,

lg77), it was added to a final concentration of 0.1% from the following

stock solution: 0.5% glutaraldehyde (Pella), 25m M triethanolamine,

50mM Na-acetate, pH 7.8. This solution was prepared immediately before

use and filtered through a 0.15 micron nitrocellulose filter (Whatman).

After incubation for l–2 hours at room temperature, the sample was

stored at l;9.

For fixation with both formaldehyde and glutaraldehyde the procedure

of Christiansen and Griffith (1977) was followed. The sample was

adjusted first to 0.0l M. NaCl, 0.02M sodium phosphate pH 7.5. Then one

tenth volume of 10% formaldehyde (Mallinckrodt), freshly diluted in H2O,
was added for a lº minute incubation at 0°. This was followed by the

addition of one-tenth volume of 6% glutaraldehyde, also freshly diluted

in H20 and filtered as described above, for l; minutes at 0°. The2

material was stored at l; 9.

TRANSCRIPTION OF DNA AND CHROMATIN

DNA and chromatin templates were transcribed at 37° with E. coli

RNA polymerase using the reaction conditions described by Burgess (1969):

homº■ Tris–Cl pH 7.9, 150mM KC1, 10mM MgCl2, 0.1mM dithiothreitol (DTT),
0.1mM Na-EDTA pH 7.5. The four nucleoside triphosphates were present in
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the same concentration, usually 50LM except as noted. The radioactively

3°p_UTPlabeled nucleoside triphosphate, either *H-CTP (Schwarz–Mann) or

(Amersham or ICN), was present at 1–5 mCi/ml. E. coli RNA polymerase,

which includes sigma factor, was obtained from Miles Research Labora

tories; the specific activity was about 800 units/mg. The concentration

of RNA polymerase and template is noted in each experiment. The con–

centration of chromatin was based on the DNA content, as determined from

the specific activity of the tritiated DNA used to prepare the chromatin.

When the regulatory proteins, lac repressor or CAP were included, the

order of addition to the reaction was repressor, CAP, RNA polymerase,

nucleoside triphosphates, with brief incubation at 37° between each

step. Cyclic-AMP and isopropyl thiogalactoside (IPTG) were used at 107°M
When glycerol was introduced into a reaction with CAP, the glycerol in

all samples was adjusted to the same concentration. RNA synthesis was

measured by incorporation of radioactivity into material that is preci

pitated in lož TCA.

PURIFICATION OF RNA FOR HYBRIDIZATION AND GEL ELECTROPHORESIS

The standard procedure for purification of transcription products

was as follows. The reaction was diluted into loo-200]ul at a final

concentration of 1% sodium sarcosine, 0.2M Na-acetate pH 5, 1.0mg/ml

yeast trNA as carrier. The reactions with a chromatin template were

extracted once with an equal volume of chloroform: isoamyl alcohol

(2] :l). the organic phase was washed once with 0.2M Na-acetate pH 5;

the combined aqueous phases were precipitated with two volumes of

ethanol. DNA transcription reactions were ethanol precipitated without

prior chloroform extraction. The precipitate was collected by centri

fugation in a Brinkmann microfuge for 30 minutes and resuspended in 80 ul
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20mM Tris–Cl pH 7.5, 10mM MgCl 10ug/ml pancreatic DNase (Worthington,2 ”

DPFF). After digestion for 30 minutes at 37°, the reaction mix was

adjusted to 0.2M Na-acetate pH 5 and ethanol precipitated. The DNase

digestion was repeated and another chloroform: isoamyl alcohol extraction

was carried out to rid the sample of DNase. The RNA was resuspended in

Na-acetate and ethanol precipitated two more times in order to decrease

the amount of unincorporated 3°p-UTP in the RNA preparation. Thus there

were a total of 5 ethanol precipitations, either at -20° overnight or at

–70° until frozen; the final pellet was resuspended in H20 or 10mM

Tris–Cl pH 7.9, lm/M Na-EDTA pH 7.5.

In earlier phases of this work, when transcripts were prepared for

solution hybridization experiments, the template DNA was removed from

the RNA by hydroxylapatite chromatography under conditions that allow .

retention of double-stranded DNA by the resin and recovery of the RNA in

the effluent. The transcription reaction was diluted with ten volumes

of 8M urea, l? SDS, 0.2M sodium phosphate buffer pH 6.8 and passed over

a 300pl hydroxylapatite column which had been equilibrated with the

same solution, at 60°. The flow—through containing RNA was dialyzed

against H2O and ethanol precipitated in 0.2M Na-acetate pH 5. The2

precipitatedmaterial was digested with pancreatic DNase under the

conditions described above, followed by extraction with phenol: chloroform

and chloroform: isoamyl alcohol. Note that this procedure for the puri

fication of the transcripts was developed in an attempt to very thor

oughly remove residual template DNA, which appeared to be contributing

to the relatively high self-annealing of the transcription products in

solution hybridization experiments. It was found that 96% of the

template DNA bound to the hydroxylapatite column and at least 80% of
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the RNA was recovered in the effluent. The DNase digestion removed

96% of the remaining DNA. Although it was not precisely determined,

the degree of purification by two sequential DNase digestions was

probably comparable to that obtained by the protocol described above.

RESTRICTION ENDONUCLEASE DIGESTIONS

The restriction enzymes used for these studies, along with their

reaction conditions, are listed in Table II. All restriction enzyme

digestions were at 37°, usually with approximately one unit of enzyme

per ug DNA for at least 60 minutes. Sequential digestions were initiated

with the enzyme requiring low concentrations of salt or Tris, followed

by adjustment to conditions required by the next enzyme. In some cases

the first enzyme was inactivated at 65° for 5 minutes before addition of

the second enzyme.

GEL ELECTROPHORESIS

Agarose Gels

Slab gels (ll, cm x 15cm x 0.2 or 0. licm), containing 1% agarose

(Seakem), in either of the following two buffers, were used for the

separation of restriction enzyme fragments of DNA. Tris-acetate buffer

consisted of l,0mM Tris, 20mM Na-acetate, 2mm Na-EDTA, adjusted to pH 8.1

with glacial acetic acid (Loening, l067); Tris-phosphate buffer was

36mm Tris, 30mM NaH2PO), lm, Na-EDTA, pH 7.7 (Loening, 1969). Electro
phoresis was conducted at l; * or at room temperature, with recirculation

of the electrode buffer, which was of the same composition as the gel

buffer. The length of time and voltage were varied depending on the

size of the DNA, and are noted in the figure legends.

Two methods were used for loading the samples on the gel. One
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of HindIII)

TABLE II: A List of the Restriction Endonucleases Used for the Work
in this Thesis

Source or Method of
Enzyme Purification Reactions Conditions

Aval Bethesda Research Labs 100mM NaCl, 6m M Tris–Cl pH 7.1,
or New England Biolabs 6mM MgCl2, 6mM 3-mercaptoethanolNTT \#

-(BME)

BalmPII New England Biolabs 60mM NaCl, 6.6my Tris–Cl pH 7.5,
6.6mm MgCl2, , l0mM BME

-
2

-

ECORI Sunegi et al., 1977 loom!M NaCl, 100mM Tris–Cl,
Greene et al., 1978 pH 7.5, 5mm MºCl2

HincII New England Biolabs 60mM NaCl, 10mM Tris–Cl pH 7.9,
6.6mm MgCl2, , 6mm BME

-
2

-

HpaI New England Biolabs 20mM Tris–Cl pH 7.l., 10mM MgCl2,
60mM KCl, 5mm BME

HSul■ Greene et al., 1978 60mM NaCl, 6.6m M Tris–Cl pH 7.5,
(isoschisomer 6.6mm MgCl2, 10mM BME2 ”

PSt, I New England Biolabs
Greene et al., 1978

10mM Tris–Cl pH 7.5, 10mM MgCl2,
5mM BME and in Aval buffer

Sall■ New England Biolabs 100mM NaCl, 6m M Tris–Cl pH 7.9,
6mm MgCl2, 6m'■ BME

*BME is added immediately before use.
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consisted of adjusting the sample which was in 10mM Tris–Cl pH 7.9,

lmM Na-EDTA pH 7.5, to lož glycerol, 0.2% SDS, 0.01% each xylene cyanol

and bromophenol blue before loading. The other method involved loading

the sample in a solution containing molten agarose. An agarose sus

pension containing 0.2% agarose in 20mM Na-EDTA pH 7.5, 10mM Tris–Cl

pH 7.9, 20% glycerol, and 0.01% each xylene cyanol and bromophenol blue

was prepared as described (Schaffner et al., 1976). Immediately before

use an aliquot of this suspension was boiled and brought to 65°. The

DNA sample in TE was placed at 65°, an equal volume of agarose sus

pension was added, and the elevated temperature of the sample was

maintained until it was loaded on the gel at room temperature. This

procedure was used to reduce trailing of the sample at the edges of

the well.

Electroelution

To recover DNA fragments from an agarose gel, the section of the

gel containing the desired DNA was sliced out and placed in a dialysis

bag with Tris–borate buffer, 90mM Tris, 2.5m M. Na-EDTA, 90mM H3B03,
pH 8.2 (Peacock & Dingman, 1968). The bag was placed in an electro

phoresis chamber with Tris–borate buffer and a voltage of 30W was applied

for 21 hours at liº. The polarity was reversed for 30 seconds and the

solution recovered from the bag was precipitated with 2 volumes of

ethanol in the presence of loopg/ml carrier tRNA and 0.2M Na-acetate

pH 5. This material was only used for subsequent gel electrophoresis;

no enzymatic digestions were performed. Therefore it was not necessary

to remove agarose that co-precipitated.

Composite Agarose/Acrylamide Gels

Slab gels (ll, cm x 15cm x 0.2cm) of 2% acrylamide/0.5% agarose were
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prepared following the procedures described by Peacock and Dingman (1968).

The agarose solution was boiled and brought to 37°. All other components

except N,N',N',N'-tetramethylethylenediamine (TEMED) were prewarmed to

37° and mixed with the agarose. The solution was degassed quickly, the

TEMED was added, and the gel poured quickly and allowed to solidify at

room temperature. The final composition of the gel was 0.5% agarose,

l.9% acrylamide, 0.1% N, N'-methyl-bis-acrylamide, 0.05% ammonium persul

fate, 0.0078% TEMED, in one of the two buffers described below.

For the resolution of supercoiled DNA molecules with varying super

helix densities as described by Germond et al. (1975), the buffer system

was Tris-phosphate as described above. The sample buffer was the same

as described for agarose gels, without the agarose suspension. The gel

was run at 50W for 36–72 hours at l, 9, with recirculation of the buffer.

Composite gels were also used for the resolution of denatured RNA,

in which case the buffer was 10mM sodium phosphate pH 7. Denaturation

of RNA and DNA, which was used for size markers, was accomplished

exactly as described by McMaster and Carmichael (1977). The sample was

incubated at 50° for l hour in lm glyoxal, 50% DMSO (v/v), 10mM sodium

phosphate pH 7. To load the samples on the gel, glycerol was added to

10% and xylene cyanol and bromophenol blue to 0.01% each. When run at

100W for 2 hours, at room temperature and with recirculation of the

buffer, free *P-UTP was near the bottom of the gel. In preparation for

ethidium bromide staining as described below, the portion of the gel

containing the marker DNA fragments was soaked in 0.5M NaOH, 1.5M. NaCl

for l hour, and neutralized in lm Tris–Cl pH 7.5 for more than 30 minutes.

Acrylamide Gels

Proteins were electrophoresed on discontinuous acrylamide slab gels
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(12cm x licm x 0.075cm) under conditions based on those described by

Laemmli (1970). The running gel was lº■■ acrylamide, 0.11% N,N'-bis

methylene acrylamide, 0.375M Tris–Cl pH 8.8, 0.1% SDS, 0.03% ammonium

persulfate (w/v), and 0.033% TEMED (v/v). The stacking gel was l. lº

acrylamide, 0.12% bis-acrylamide, 0.125M Tris–Cl pH 6.8, 0.1% SDS,

0.03% ammonium persulfate and 0.1% TEMED. The electrode buffer and

sample buffer were the same as described by Laemmli. Samples were

incubated at 90–100° for 2 minutes before loading. Gels were run at

room temperature for 2 hours at 20mA. The proteins were fixed in the

gel by soaking in 10% TCA, 50% isopropanol for at least 30 minutes.

Staining in 0.2% Coomassie blue in 10% TCA, 25% isopropanol was followed

by destaining in 10% acetic acid and drying was accomplished either

between sheets of dialysis membrane or onto paper as described in the

next section.

Photography, Fluorography, and Autoradiography

DNA was visualized by staining the gel in 0.5ug/ml ethidium bromide

in H2O for about 30 minutes. Following a brief destaining in H2O, gels2 2

were photographed over an ultraviolet light of wavelength 25l nm, using

a yellow filter (Kodak no. 9 Wratten gelatin filter) and Polaroid film

(Type 55).

For the detection of *H-DNA, the agarose/acrylamide gels were

prepared for fluorography following the procedure of Bonner and Laskey

(1971), which involves replacing the H2O in the gel with DMSO and impreg–

nating it with Omnifluor by soaking in l; volumes of 22.2% Omnifluor

in DMSO (w/v). The gels were dried onto heavy paper (Hoefer) under

vacuum and with heat. Kodak X-Omat film, which had been hypersensitized

by incubation at 65° for at least l; hours, was exposed at –70°.
-

2
- -Gels containing 3 P-RNA were dried as described above except that
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Whatman 3MM paper was used in the experiment described in Figure ll.

Kodak No-Screen film, exposed at room temperature, was used for the

125 32
detection of I-labeled proteins and TP-RNA, either in gels or

hybridized to DNA on nitrocellulose filters.

NUCLETC ACID HYBRIDIZATION

Solution Hybridization

Hybridization in solution was carried out in 70% formamide, 0.36M

potassium phosphate pH 6.8 at l;6° (Vogelstein & Gillespie, l977). These

conditions disfavor DNA: DNA reassociation and stabilize RNA:DNA hybrids.

Each sample of 5ul contained 5000cpm of 32 P–RNA, excess DNA, and

loopg/ml carrier yeast trNA (prepared as described by Rubin (1975)).

Under the transcription conditions described in Table III 5000cpm of

*P-RNA represents approximately 0.2ng of RNA. pHGP120 DNA was present

at 25ug/ml. The concentration of L and R strands of Xplac5 DNA was

lCoug/ml. Approximately lož of the sequences in Aplacº are comple

mentary to sequences in pRGP120. Therefore the concentration of hybri–

dizable DNA in the reactions with Aplac{5 DNA was approximately 101g/ml.

The nucleic acids were lyophilized together and were then resuspended

in l.2M phosphate buffer followed by the addition of formamide. Samples

were drawn into capillary pipets (Dade) and flame-sealed. Following

hybridization the samples were digested with 10ug/ml RNase A (Sigma)

in lml 2XSSC (0.3M NaCl, 0.03M Na-citrate) with 2011g/ml carrier RNA.

(The RNase had been boiled for 2 minutes in 50mM Na-acetate pH 5 to

inactivate DNase.) RNase—resistant RNA was measured as precipitable

radioactivity in lož TCA.

The separation of the strands of Aplac{5 DNA was accomplished by

the procedure described by Miller (1972).
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Southern Hybridization

Transfer of DNA from an agarose gel to a nitrocellulose filter

was performed by modification of the procedure described by Southern

(1975). Denaturation of the DNA in the gel was accomplished by incu

bation for at least 30 minutes in 500ml 0.5M. NaOH, 1.5M. NaCl. Neutral

ization was accomplished by two incubations in lº■ Tris–Cl pH 7.5, 3M

NaCl, each of 500ml for at least 30 minutes.

Hybridization of *P-RNA to the filter-bound DNA was carried Out

at 37° in the following hybridization mixture: 50% formamide, 3XSSC,

0.02% each Ficoll, polyvinylpyrrolidone and bovine serum albumin

(Calbiochem, cryst. A grade) (Denhardt, 1966), l0mM HEPES pH 8, 0.1%

SDS, lm'■ Na-EDTA pH 7.5, 100 ug/ml carrier RNA. In some cases loCug/ml

denatured carrier DNA was also included. Formamide was not deionized

prior to use but only batches resulting in a final pH between 7 and

8 were used. The filters were dried after wetting in 2XSSC. Therefore

the final concentration of SSC was greater than 3XSSC. Pre-annealing

of the filter in this solution before exposure to radioactive RNA under

the same conditions was carried out for the experiment described in

Figure l; only.

The concentration of *P-RNA in the hybridization mixture ranged

from approximately liO0,000 cpm/ml to 2x10° cpm/ml. The minimum volume

required to wet the nitrocellulose filter was approximately 2001/10cmé.
The amount of DNA transferred from the gel to the filter was between

approximately 20ng and 200ng per DNA fragment. The amount of *P-RNA

that hybridized under these conditions generally allowed detection of

hybrids within one day of exposure of No-Screen film.

Following hybridization for lº–21 hours, the filters were washed
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for 30–60 minutes at 65° in liOOml 2XSSC. They were then transferred

to l;00ml 2XSSC with 5ug/ml RNase A and incubated 30–60 minutes at 37°.

The final wash was in either lxSSC at room temperature or in 2XSSC,

O.5% SDS at 65°.
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RESULTS AND DISCUSSION

COMPARISON OF HYBRIDIZATION PROCEDURES

In this work the regulation of transcription from a specific promoter

was under investigation. Thus it was necessary to develop conditions

for assaying changes in the amount of a specific transcript within

a mixture of RNAs. In the early phases of this investigation hybridi

zation to DNA in solution was used to analyze transcription products.

However as the technique for hybridization to DNA by the procedure

developed by Southern (1975) became widely used, the possibility of its

application to these studies became attractive. In the Southern pro

cedure DNA is transferred directly to a nitrocellulose filter from

an agarose gel. Thus filters are readily obtained which contain several

different restriction enzyme fragments of DNA that will assay separately

transcription from selected regions of the template. In order to

determine the usefulness of this method for quantitating changes in

hybridization patterns, solution hybridization and Southern hybridi

zation were compared using the same set of transcripts. As described

below, it was found that changes in the pattern of transcription as

measured by solution hybridization are accurately reflected in the

pattern of hybridization obtained by the Southern technique.

The RNA used for this comparative study was transcribed from the

plasmid pHGP120. pHGPl20 was constructed by the insertion of a restric

tion enzyme fragment of AplacB DNA into the plasmid RSF212), such that

the Xplac 5 DNA constitutes about one-third of the total DNA in pHGPl20.

*P-RNA was transcribed from pHGP120 DNA at three different concentra

tions of RNA polymerase and samples were taken after 5 minutes and 20

minutes of transcription.
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The percentage of the transcript which was complementary to the

Xplac{5 portion of the plasmid was measured by hybridization in solution

to the separated strands of phage Aplac{5 DNA. The L strand of Aplac 5

is the one from which correct transcription of lac sequences occurs.

For each of the six RNA samples, rate curves of self-annealing and

hybridization to pHGPl20 DNA and to the L and R strands of Aplacº DNA

were generated, an example of which is shown in Figure l. From these

results it can be seen that even in the absence of added DNA, some

Of the *P-RNA becomes RNase resistant. This self-annealing may be

due either to hybridization to residual template DNA or to the forma—

tion of RNA: RNA duplexes. Since self-annealing was still relatively low

at loC minutes, that time was chosen for comparison of the extent of

hybridization of the RNA samples.

In Table III the extent of self-annealing and hybridization at 100

minutes for each of the RNA samples is shown. The percentage of the RNA

that hybridized to pHGPlz0 DNA at loo minutes averaged 67% and was

normalized to 100%. Self-annealing and hybridization to AplacS are

expressed relative to the extent of reaction with pPG|Plao. The results

of this experiment indicate that variations in the transcription reac

tion conditions result in differences in the relative transcription of

different regions of the plasmid. In the samples taken at 5 minutes of

transcription from the reactions with the lowest (Al) and intermediate

(Bl) RNA polymerase concentrations, preferential transcription of the

L strand of the XplacB portion of the plasmid is apparent. In order

to compare the results of solution hybridization with those of Southern

hybridization it is necessary to sum the hybridizations to L and R

strands in order to obtain total hybridization to the XplacS region



FIGURE l; Solution Hybridization of *P-RNA Transcribed from pHGP120
DNA to pHGPl20 DNA and Separated Strands of Aplac{5 DNA

The transcript is the same as sample B2 in Table 3. Hybridization in
solution was carried out as described in Materials and Methods.

O) pHGPl2O DNA
A) L strand of Aplacº DNA
D) R strand of AplacB DNA
O) self-annealing

(
(
(
(
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TABLE III. Hybridization of *P-RNA Transcribed from pHGP120 DNA to
pHGP120 DNA, L and R Strands of AplacB DNA, and No Added
DNA (Self–Annealing)

The data were obtained from rate curves analogous to those in
Figure 2; the reaction with pPGP120 at 100 minutes was normalized to
100% and the self-annealing and hybridizations to Aplacº are expressed
relative to pHGP120. Transcription was carried out as described in

Materials and Methods with:35ug/ml pBGP120 DNA, 200ul■ ATP, CTP and GTPand liOum UTP with limCi/ml "P-UTP.

The concentration of RNA polymerase and the length of time of trans
cription were as follows:

Al, 5ug/ml, 5 minutes;
A2, 5ug/ml, 20 minutes;
Bl, l011g/ml, 5 minutes;
B2, 10ug/ml, 20 minutes;
Cl, 50Ug/ml, 5 minutes;
C2, 50Ug/ml, 20 minutes.

*Although summing the amount of hybridization to the separated strands
does not yield a precise determination of total transcription from the
Aplacº region, due to the possibility of cross-contamination of one
Strand with the other and to the unknown contribution of the competing
self reaction to the observed hybridization, it can be used to estimate
total transcription from that region. The values in the table were
obtained by subtracting the self-annealing reaction from the individual
L and R strand hybridizations before summing them.
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TABLE III

Al A2 Bl B2 Cl C2

pHGPl2O DNA LOO LOO LOO LOO LOO LOO

L strand AplacS DNA 7|| |2 68 l,7 38 30

R strand Aplac{5 DNA 33 ll. 28 13 29 19

Self-annealing 12 6 12 7 9 3

L + R34 83 lil, 72 |6 h9 l, 3
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of the plasmid. Thus in samples Al and Bl approximately 83% and

72% of the RNA, respectively, was transcribed from the XplacB region of

the plasmia.” For the 20 minute time points (A2 and B2) and in the

reaction with a higher concentration of RNA polymerase at either 5 or

20 minutes (Cl and C2), sequences complementary to XplacB fall to

about lož of the total. Since l;0% is close to the percentage of \placº

DNA in the plasmid, it suggests approximately equal transcription

of all regions of the plasmid.

Figure 2 shows a map of the restriction enzyme sites in pHGP120.

To measure differences in transcription from various regions of the

plasmid by the Southern technique, three fragments of pHGP120 were

generated by digestion with the restriction enzymes EcoRI, BamHI, and

HindIII. The fragments, which have molecular weights of 3.5, 3. 8, and

.2xloº, were separated by agarose gel electrophoresis and transferred

to a nitrocellulose filter. Equal quantities of DNA were loaded in each

well of the gel. After transfer the filter was cut into strips so that

each strip contains an identical set of DNA fragments. The fragment of

3.8x10° molecular weight contains almost all of the inserted Aplac B

sequences and has none of the sequences of the original RSF212l plasmid.

Thus for the assay of transcription of the Aplac{5 region of the plasmid,

the 3.8x10° molecular weight fragment is essentially equivalent to the

phage Aplac{5 DNA that was used as the probe in solution hybridization.

Four of the six RNA samples used in the solution hybridization were

used in the test of Southern hybridization. They were the samples

taken after 5 minutes and 20 minutes of transcription with the lowest

2
See the legend to Table III for qualifications regarding the summation
of L and R strand hybridizations.
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FIGURE 2: Diagram of the Plasmid pHGP120

The operator, promoter and 3-galactosidase gene of the lac operon are
designated by o, p and z, respectively. Restriction endonuclease sites
are shown with the molecular weights of the fragments that would result
from digestion with these enzymes expressed in megadaltons.
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32
FIGURE 3: Southern Hybridization of "P-RNA Transcribed from pHGP120

DNA to Restriction Enzyme Fragments of pHGP120 DNA

The transcripts are the same as samples Al, A2, Bl and B2 in Table III.
The regtriction enzyme fragments of molecular weights 3.5, 3.8 and
l; .2xl.0 that resulted from digestion of pHGP120 with Hsu I (an isoschiso—
mer of HindIII), BamhI and EcoRI were separated by electrophoresis in a
l■ agarose Tris-phosphate gel at 65V, li?, for 7 hours, without recircu
lation of the electrode buffer.
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and intermediate concentrations of RNA polymerase. In Figure 3 the

autoradiograms of the filter strips after hybridization with these four

RNA samples are shown, along with the densitometric scans of the film.

The preferential transcription of the Aplac{5 region of pHGP120 that was

apparent from the solution hybridization is also clearly demonstrated by

the hybridization to the 3.8x10° molecular weight fragment on the filters

(the middle band). Comparison of the peak heights in the scans of the

hybridization profiles reveals that after 5 minutes of transcription,

72% and 60% of the RNA is from the Aplacº region, at the lowest (Al)

and intermediate (Bl) polymerase concentrations respectively. After

20 minutes, at both polymerase concentrations (A2 and B2), the extent of

hybridization to all three restriction fragments is approximately

equal; measurement of the peak heights reveals that about l;0% of the RNA

is from the Aplac{5 region in both cases. These values are in good"

agreement with the estimates of transcription of Aplac{5 sequences obtained

from solution hybridization. Therefore the Southern hybridization

procedure may be used to measure changes in patterns of transcription.

SELECTION OF THE TEMPLATE

There were several criteria upon which the selection of an appro

priate plasmid template was based. First, the minimum requirement was

that the plasmid contain the site for initiation of transcription of

the lac operon and the sites for binding the regulatory molecules, lac.

repressor and catabolite-activator-protein (CAP). Second, transcription

originating from other promoters on the plasmid must not read through

the lac region to such an extent that initiation at the lac promoter is

obscured. Third, it must be possible to isolate restriction enzyme DNA

fragments which allow the detection of transcripts initiated at the lac

promoter.
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The importance of the second criterion, that read—through trans–

cription into the lac region be minimal, was particularly well demon

strated in the early studies of in vitro transcription of the lac operon.

For those studies, the templates for transcription were lambdoid phage

into which the lac operon had been inserted. In certain phage strains

lac-specific transcription which was responsive to CAP and lac repressor

was clearly shown (de Crombrugghe et al., 197l Eron & Block, 197l). In

another closely-related phage, transcription of lac sequences could not

be demonstrated to be under repressor control (Eron et al. , l97l). In

that case, the lac sequences were transcribed by read—through from a

phage promoter; the observed positive control by CAP was due to that

phage promoter being CAP—responsive. Hence in the selection of a

template for the work described in this thesis, particular attention was

paid to possible read—through transcription from other promoters.

pBGP120

A number of plasmids have been constructed which contain the

regulatory region of the lac operon. The first of these to become

available and to be tested for suitability for these studies was pHGP120

(Polisky et al., 1976). The outcome of the tests of this plasmid was

that although CAP-mediated stimulation of lac transcription was detectable,

read—through from another promoter interfered with the assay of lac

specific transcription. Some of the experiments which led to this

conclusion are described in this section.

In the Southern hybridization experiments described in the prece—

ding section the probe for transcription of the AplacB region of pHGP120

was the 3.8x10" molecular weight fragment of pHGP120. In the solution

hybridizations the probe was phage AplacB DNA. With both of these DNAs
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transcription from both X and lac sequences was measured. No unique

restriction enzyme sites were known which would allow the separation of

the X and lac sequences. Therefore lac specific hybridization was

deduced from the difference between hybridization to A plus lac sequences

and hybridization to A sequences alone. The hybridization probes for

this assay were the EcoRI fragments of AplacS and A. Figure l, displays

these fragments on an agarose gel. The EcoRI fragment of AplacS which

contains the lac sequences is the one of molecular weight .x10°. The

3.0x10° molecular weight fragment of A includes all of the A sequences

that are contained in the 1.x10° fragment of Aplac{5.

The EcoRI fragments of A and Aplacº were separated by gel electro

phoresis and transferred to nitrocellulose filters by the Southern

technique. *P-RNA transcribed from pHGPl20 in the absence of CAP and

cAMP was hybridized to the A and Aplacº EcoRI fragments as shown in

Figure l;A. The extent of hybridization to the 3.0x10° fragment of X

is the same as that to the ...10% fragment of Aplac 5, as evidenced by

the equal peak heights of the scans, implying that there is no detectable

transcription from the lac region of this plasmid. As shown in Figure

l, B, the addition of CAP and cAMP resulted in about a twofold increase in

the peak height of the scan of hybridization to the AplacB fragment

compared to the A fragment, suggesting that some specific initiation is

occurring at the lac promoter. However it is clear from this experiment

that there is considerable transcription from the A region of this

plasmid. Since no unique restriction enzyme site is known to be present

within the Aplacº EcoRI fragment such that the lac and A regions can be

separated from one another, the high background of transcription from A

sequences interferes with the use of this template for the careful
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FIGURE li: Southern Hybridization of *P-RNA Transcribed from pHGPl2O
DNA in the (A) Absence and (B) Presence of CAP to EcoRI
Digested A and Aplac{5 DNA

Transcription was carried out for 15 minutes as described in Materials
and Methods with 25ug/ml pHGPl20 DNA, 395/ml RNA polymerase, 2011Mnucleoside triphosphates with limCi/ml "P-UTP, and for part B, 10ug/ml
CAP and 10 M. cAMP. The EcoRI fragments of A and Aplacº DNA were
incubated at 65° for 5 minutes and then subjected to electrophoresiggin
a l? agarose Tris-phosphate gel at 65V, 11° for ll hours. The l. lxlO
molecular weight fragment of AplacB contains the lac sequences. The
3. OxlC) molecularzweight fragment of A contains all the A sequences that
are in the H. lxlO fragment of Aplacs.
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determination of modulation of lac-specific transcription.

PPH20A(EcoRI-Sall)

During the course of the studies with pPG|Pl20 described above,

another plasmid, pHH2O (Itakura et al., 1977), was constructed, which

contains elements of the lac operon; a derivative of pHH20 termed

pBH20A (EcoRI-Sall) was chosen for use in the experiments described in

this thesis. The features of this plasmid and the basis for selecting

it for further use are described in this section.

The source of the lac sequences for pBH20 was a Hae III fragment of

about 200 base pairs from AplacS. This fragment includes the lac.

promoter, the CAP binding site, and the operator. There is no X DNA

and only a small portion of the Z gene is retained such that the

distance from the site of initiation of lac RNA synthesis to the end of

the fragment is approximately 60 nucleotides. This Hae.TII fragment was

inserted into the EcoRI site of pHR322 (Bolivar et al., 1977b) in such

a way that two EcoRI sites were created at the ends of the Hae.TII

fragment. Analogous to the construction of pHGP120, one of the EcoRI

sites was removed such that only the EcoRI site downstream from the lac.

promoter remained. The relevant features of the position of the lac.

fragment, direction of transcription and restriction enzyme sites of

this plasmid are shown in Figure 5.

The fact that pPH20 was derived from the well-characterized plasmid

pHR322 provides the advantage that the direction of transcription of the

major plasmid genes, those specifying ampicillin and tetracycline

resistance, is known. In both cases, transcription proceeds away from

the lac sequences, thus potentially reducing the problem of read—through

transcription of lac sequences from other promoters. Also, seven
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FIGURE 5: Diagrams of the Plasmids pHH20 and pPH2OA(EcoRI-Sall).

The molecular weights of the plasmids are in the center and around the
outside the number of kilobases are shown. The locations of the genes
specifying ampicillin (Ap’) and tetracycline (Tcf) resistance, as well
as the directions in which they are transcribed, are marked by arrows.
Note that the deletion of the EcoRI-SalT fragment renders pHH2OA(EcoRI
Sal I) sensitive to tetracycline but the region of homology with pPH20 is
indicated by a dashed line. The position of the lac sequences and the
direction in which the 60 bases of lac-specific RNA are synthesized are
designated by the arrow labeled lac.
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unique restriction enzyme sites are known in pHH20. Thus several

possible patterns of restriction enzyme fragments exist for assaying

transcription from different regions of the plasmid.

Further modification of pHH20 was carried out with the purpose of

removing the site of initiation of transcription for the gene (s) speci

fying tetracycline resistance, Te” (H. Heyneker, unpublished experiments).

By referral to the plasmid maps in Figure 5 it can be clearly seen that

read-through transcription from the lac promoter will proceed into the

Te” region. Removal of the promoter for those genes offers the possi

bility of reduced transcription downstream from the lac promoter;

therefore read—through from the lac promoter could be assayed with a

lower background of hybridization due to non-lac-specific initiation of

transcription. The removal of this promoter was done in two ways, by

excising either the small EcoRI-BamHI fragment or the small EcoRI-Sall

fragment from pHH2O. The nucleotides complementary to the single

stranded ends of the remaining large fragment were filled in using Tl,

DNA polymerase and the resulting blunt ends were ligated with Tl, DNA

ligase as described for the construction of pDH20 (Itakura et al.,

1977). The resulting plasmids are called pBH20A(EcoRI-BamHI) and

pBH20A (EcoRI-SalT); the latter is shown in Figure 5.

pRH20A (EcoRI-BamHI) and pPH20A (EcoRI-SalT) were compared with

regard to CAP-mediated stimulation of transcription in order to select

the template with the largest increase. The experimental approach for

this analysis was Southern hybridization in which both transcription of

lac sequences and transcription of neighboring sequences due to read–

through from the lac promoter were assayed.

The source of complementary sequences for assaying read—through
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transcription was the plasmid pl/B9, which contains sequences homologous

to the To” region of pHH20. The reason that a fragment of pVB9 was used

is that at the time that these experiments were conducted, the presence

of the Aval site in pHH20 was not known. From the known restriction

enzyme sites no satisfactory set of fragments could be generated from

pHH20 which separated the Te” sequences from other actively transcribed

regions of the plasmid.” Digestion of pVB9 with EcoRI and HpaI yields

two fragments, the larger of which contains sequences homologous to

pBH20 from the EcoRI site clockwise to a position at approximately l.8

kilobases on the map in Figure 5; this is just beyond the Te” region.

All other regions of homology are contained on the other EcoRI-HpaI

fragment.

For the assay of sequences complementary to only the lac portion of

the plasmids, the lac-containing EcoRI fragment of AplacS was used.

Since the 200 base pair Hael II fragment that was used to construct pHH2O

is not large enough to be retained on a nitrocellulose filter, it was

necessary to use the larger EcoRI fragment of AplacS. This EcoRI fragment

has been inserted into the EcoRI site of RSF212, to generate a plasmid

called pHGP100 (Polisky et al., 1976). (This is the plasmid from which

pBGP120 was derived by deletion of one EcoRI site.) Thus EcoRI digested

pBGP100 was source of the EcoRI fragment containing the lac sequences

for the experiments described here.

The separation of the EcoRI-HpaI fragments of pl{B9 and the EcoRI

fragments of pHGP100 by gel electrophoresis is shown in Figure 6. The

*The EcoRI-Sall fragment, which would assay sequences transcribed by lac.
read—through in pBH20A (EcoRI-BamHI), was found not to be retained on
nitrocellulose filters. The size of this fragment is about 650 base
pairs, which is close to the 500 base pair limit for retention suggested
by the manufacturer of the filters.
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FIGURE 6: Southern Hybridization of *P-RNA Transcribed from
pHH20A (EcoRI-SalT) DNA in the Absence and Presence of
CAP to Restriction Enzyme Fragments of pHH20, pHGP100,
and pl/B9

Transcription was carried out in the absence and presence of CAP at
loug/ml. The transcription reactions were as described in Materials
and Methods with 1001&/ml pHH2OA(EcoRI-Sal I) DNA, 1915/mi25NA polymerase, and 30LM nucleoside triphosphates with l. 3mCi/ml "P-UTP;
transcription proceeded for l; minutes. The EcoRI fragments of pBGP100
and the EcoRI-HpaI fragments of pl/B9 were separated by electrophoresis
in a l? agarose Tris-phosphate gel at 65V, 11%, for 7 hours. The frag
ments of pDH20 resulting from digestion with Pst I/SalT/EcoRI were run
on the same gel for the last 1.5 hours.
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FIGURE 7: Southern Hybridization of *P-RNA Transcribed from
pBH2OA(EcoRI-BamHI) DNA in the Absence and Presence of
CAP to Restriction Enzyme Fragments of pDH20, pHGP100
and pl■ b9

This experiment was carried out exactly as described in the legend to
Figure 6 except that the template for transcription was pHH20A
(EcoRI-BamHI) DNA.
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fragments that result from Pst I/Sall/EcoRI digestion of pHH20 were also

run on the same gel; note however that these fragments are near the top

of the gel, not because they are larger than the other fragments, but

because they were loaded on the gel later than the plº■ B9 and pPG|Pl()0

fragments.

RNA that was transcribed from pHH20A (EcoRI-Sal I) in the absence and

presence of CAP and cAMP was hybridized to filters containing the DNA

fragments described above. It is clear from the pattern of hybridiza–

tion shown in Figure 6 that CAP-mediated stimulation of transcription is

detectable. The CAP effect is seen as an increase in transcription to

lac-specific sequences, as measured by hybridization to the smaller

EcoRI fragment of pHGP100, designated e. It is also apparent in read

through transcription into the To” region, as demonstrated by the

increase in hybridization to the larger pl/B9 fragment labeled f. That

other regions of the plasmids are very actively transcribed is evident

from the high level of hybridization, which remains relatively constant

with respect to CAP, to the Pst I–Sal I and Pst I–EcoRI fragments (a and b)

of pHH20. Very similar results were obtained with pBH2OA (EcoRI-BamHI)

as the template, as shown in Figure 7.

Since the degree of CAP-mediated stimulation of transcription as

determined by this assay was approximately the same for these two plasmids,

the final selection of pHH2OA (EcoRI-Sal I) for further study was based on

the following assay. The stimulation of transcription by CAP and cAMP

was measured by the increase in total incorporation of *H-CTP into TCA

precipitable material. It is shown in Figure 8 that when pHH20A (EcoRI-Sal I)

and pPR322 were transcribed in the presence of CAP, without cAMP,

stimulation of transcription of approximately the same magnitude for
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FIGURE 8: Effect of CAP and cAMP on Transcription of (A) pHH2OA
(EcoRI-Sall) DNA and (B) pHR322 DNA

Transcription was carried out as described in Materials and Methods with
5ug/ml template DNA, 10ug/ml RNA polymerase and 50LM nucleoside tri
phosphates with lmCi/ml H=CTP. Transcription with respect to time was
measured by the amount of ‘H-CTP incorporated into TCA-precipitable
material per 3Ll. The concentrations of CAP and cAMP were as follows:

(A) no CAP, no cAMP

(A) no CAP, 107°M CAMP

(O) loug/ml CAP, no cAMP
3(0) 10ug/ml. CAP, 10T-M cal{P
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both plasmids was observed. Since the stimulation occurred with pPR322

which contains no lac sequences, this effect is attributed to a contam

inating nonspecific stimulatory activity in this preparation of CAP.

When cAMP was included in the transcription reaction, a further increase

in RNA synthesis was observed when pBH20A (EcoRI-Sal I) was the template,

whereas no additional synthesis occurred with pPR322. Therefore cAMP

dependent stimulation of transcription in the presence of CAP is inter

preted as an increase in synthesis initiating at the lac promoter.

Transcription of both pPH20 and pPH20A (EcoRI-BamHI) was also stimulated

by CAP and cAMP as determined by this assay but the magnitude of the

effect was less than half that for pHH20A (EcoRI-Sall).

CHROMATIN ASSEMBLY

For the conversion of plasmid DNA to chromatin, the same conditions

reported by Laskey et al. (1977) were used; pHH20A (EcoRI-Sal I) DNA was

incubated with egg extract at 19–20° for 3 hours at the ratio of 2011

per ug DNA. This reaction is characterized by the conversion of the DNA

to a more rapidly sedimenting complex on a sucrose gradient (Figure 9).

When the nucleohistone complex sedimented approximately three-fourths

of the distance down the gradient, free DNA remained near the top of the

gradient as shown. When DNA was mixed with egg extract in the presence

of lomM EDTA and .25% Triton, conditions under which nucleosomes are not

assembled onto the DNA, the DNA was still shifted somewhat down the

gradient. This shift was not as great as the shift caused by formation

of the nucleohistone complex. Therefore in assessing the acquisition

of chromatin structure, the position of migration must be compared

to this species rather than to free DNA. Laskey, et al. (1977) reported

that the chromatin assembly process is not cooperative; under conditions
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FIGURE 9: Sucrose Gradient Sedimentation of pHH20A (EcoRI-SalT)
DNA after Incubation in Xenopus Egg Extract

(0) 0.25ug *H-PPH20A(EcoRI-sal■ ) DNA was incubated in 5ul egg
extract for 3 hours at lg.9 as described in Materials and
Methods. Then loopil 10mM Na-EDTA pH 7.5, 0.25% Triton X-100,
100mM Tris–Cl pH 7.9 was added.

(O) 0.25ug *H-pH20A(EcoRI-sal■ ) DNA was first mixed with 100]]].
10mM Na-EDTA pH 7.5, 0.25% Triton X-100, 10mM Tris–Cl pH 7.9.
Then 5ul egg extract was added immediately before loading
the sample on the gradient.

(A) 0.25ug H-pH20A(EcoRI-sal■ ) DNA plus 100m lony Na-EDTA pH 7.5,
0.25% Triton X-100, 10mM Tris–Cl pH 7.9.

The samples were sedimented through 5–20% sucrose gradients for 1.75
hours and fractions were collected directly onto glass fiber filters and
assayed for tritium as described in Materials and Methods.
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of DNA excess, they did not observe some molecules acquiring a full

complement of nucleosomes while others remained as free DNA. In the

studies described in this thesis, mixtures of free DNA and nucleohistone

complexes were not observed in the assembly reactions. The DNA was

always uniformly converted to the rapidly sedimenting nucleohistone

complex; a second peak or shoulder was not observed at the position of

the apparent non-nucleosomal DNA-protein complexes.

The insertion of superhelical turns into the plasmid DNA as a

result of incubation in the egg extract was another criterion by which

the acquisition of chromatin structure was assessed. As described in

the literature review, a correlation exists between the number of

nucleosomes and the number of superhelical turns introduced into the DNA

molecule; each nucleosome causes the DNA to acquire the equivalent of

approximately l to 1.25 superhelical turns. Germond et al. (1975)

have described a gel electrophoresis system which resolves small super

coiled DNA molecules based on the number of superhelical turns; mole

cules that differ by only one superhelical turn are well separated from

One another.

When pBH20A (EcoRI-Sal I) DNA was incubated with egg extract under

the Standard conditions and the resulting DNA was displayed on a gel as

described above a regular array of supercoiled molecules resulted (see

lane b, Figure lo). In this experiment fifteen bands are resolved

between the relaxed DNA and the most rapidly migrating species within

the regular array; the nature of the material that migrates much farther

is unknown. In later experiments, when the gels were run for a longer

period of time, at least eighteen bands were resolved, which corresponds

to ll, to 18 nucleosomes. pHH20A (EcoRI-Sall) consists of about 3900 base



FIGURE lo: Effect of Increasing Incubation Time and Increasing
Ratio of Extract to DNA on Assembly of Chromatin

0.311g *H-pBH20A(EcoRI-sali) DNA (s.a. 500,000 cpm/ug) was incubated with
various amounts of Xenopus egg extract for the indicated lengths of
time. The reactions were diluted to 150\ll with 10mM Tris–Cl pH 7.9, lmM
Na-EDTA pH 7.5, 1% SDS, extracted once with chloroform—isoamyl alcohol,
lyophilized to dryness, and resuspended in gel sample buffer. Electro
phoresis was performed for 34 hours as described in Materials and
Methods.

(a) 0.2Ug *H-DNA (no incubation with egg extract)

(b) 6Ll egg extract (2011: ug DNA), 3 hours

(c) 6ul egg extract, 8 hours

(d) 6\il egg extract, 16 hours

(e) 30Ll egg extract (100ul extract: ug DNA), 3 hours

(f) 30Ll egg extract, 8 hours

(g) 30Ll egg extract, 16 hours
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pairs; the accommodation of approximately lll-l9 nucleosomes on this

molecule results in 220–280 base pairs of DNA per nucleosome. This

is approximately 80% of the full complement which would be present on

this plasmid, assuming 200 base pairs per nucleosome.

In Figure lC), the material in lane b had been incubated with egg

extract under the usual conditions of 2011 extract per ug DNA incubated

at lºº for 3 hours. In addition to the supercoiled DNA, it was found

that some material migrates at the position of non-supercoiled DNA.

This gel system does not resolve nicked circles from covalently—closed

relaxed circles. Thus it does not distinguish between naked covalently

closed circular DNA and nicked DNA that was associated with histones

before being deproteinized for the gel. Laskey et al. (1977) also

reported the presence of DNA other than supercoiled DNA in their

chromatin preparations. By running this material on a gel that dis–

tinguished between nicked and covalently—closed circles, they ascer

tained that the non-supercoiled DNA was nicked.

An investigation of the effect of varying the chromatin assembly

reaction conditions was undertaken, in an attempt to assess the amount

of nicked DNA. Figure lo shows the result of increasing the length of

time of reaction from 3 hours to 8 and l6 hours and of increasing the

amount of extract from 2011 l to 100 ul/ug DNA. Both the increase in the

amount of extract and the increase in time of incubation shifted the

average superhelix density among the supercoiled molecules to a greater

number, i.e. the molecules have on the average more nucleosomes. However

there is also a marked increase in the amount of nicked DNA in both

Ca,SeS .

The results described above suggested that decreasing the length of



91

time of the assembly reaction may decrease the amount of nicked DNA.

It was found, in agreement with the observations of Laskey et al. (1977)

that the assembly reaction was nearly complete within 90 minutes to 2

hours. However the amount of nicked DNA was often still considerable at

the shorter incubation times.

Another possible way to reduce the amount of nicked DNA is to

decrease the amount of egg extract required per ug DNA. Laskey et al.

(1977) showed that the assembly process is dependent on histones and

that the same degree of supercoiling could be induced using lower ratios

of extract: DNA when purified histones were added. Therefore the assembly

reaction was carried out with half the usual ratio of extract to DNA,

using 10ul extract/ug DNA, and histones were added in an amount equal to

or twofold greater than the amount of DNA, by weight. The results shown

in Figure ll demonstrate that when either Xenopus or calf thymus histones

were included in the assembly reaction, the number of superhelical turns

acquired by the DNA increased, compared to the sample which contained

the same amount of extract but no added histones. However it is also

shown that the average superhelix density achieved in the samples with

added histones was lower than when the reaction was carried out under

the usual reaction conditions of 2011 extract/ug DNA. The calf thymus

histones were more effective that the Xenopus histones in increasing the

superhelix density, but even at the higher concentration of histones the

superhelix density was not as high as that achieved under the standard

conditions. Although the conditions of the reaction with added histones

did result in a decrease in the amount of nicked DNA, the concomitant

decrease in the average superhelix density made these conditions un

attractive for further use.
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FIGURE ll: Chromatin Assembly with Exogenous Calf Thymus and
Xenopus. Histones.

0.25ug *H-pbH2OA(EcoRI-sal■ ) DNA (specific activity 250,000 cpm/ug) was
incubated for 3 hours with:

(a) 5ul Xenopus egg extract;

(b) 2.5ul egg extract, 2.5ul dilution buffer (see Materials and
Methods);

(c) 2.5ul egg extract, 0.25ug Xenopus histones in 2.5ul dilution
buffer;

(d) 2.5ul egg extract, 0.5ug Xenopus histones in 2.5ul dilution
buffer;

(e) 2.5ul egg extract, 0.25ug calf thymus histones in 2.5ul
dilution buffer;

-

(f) 0.05ug DNA (no incubation with egg extract).

The reactions were stopped by the addition of 15ul 10mM Tris–Cl pH 7.9,
lmM Na-EDTA pH 7.5, 1% Na-sarcosine and adjusted directly (without
chloroform extraction) to the conditions for loading on the gel. Electro
phoresis was performed for 68 hours as described in Materials and Methods.
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The egg extract contains an endogenous nicking-closing enzyme

activity which rapidly nicks the input supercoiled plasmid DNA. The

subsequent appearance of supercoiled molecules is due to the repair of

nicks after the DNA has been constrained in a nucleosomal structure.

Since the amount of nicked DNA increased with time, it seemed possible

that the nicking activity continues to function and is active on DNA

even after assembly with nucleosomes, whereas the ligating activity is

lost.

Since the endogenous nicking-closing enzyme may be losing activity,

the effect of adding purified nicking-closing enzyme to the assembly

reaction was investigated. The exogenous nicking—closing enzyme was

added to the assembly reaction under a variety of reaction conditions

which included adding it directly to the egg extract or adjusting the

buffer conditions to those prescribed for the enzyme. The enzyme was

included throughout the reaction or added only during the last hour.

The reaction was also carried out in the presence of added histones,

with a reduced amount of egg extract. No change in the amount of nicked

DNA was observed under any of these conditions.

On the other hand, the addition of purified E. coli or Tl ligase to

the assembly reaction significantly reduced the amount of nicked DNA.

Figure l2 shows the results of adding the ligases under a variety of

conditions. Although the control reaction without ligase does not

display the usual regular banding pattern, a longer exposure of the film

shows a regular array of bands in the lower third of that slot.

Under all conditions of ligase addition the intensity of the band at the

position of nicked DNA is much lower; the most effective reduction

occurred with Tll ligase when the buffer conditions were adjusted to
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FIGURE lz: Effect of E. coli and TH DNA ligase on Assembly of
Chromatin.

0.25ug *H-pBR322 DNA (specific activity 250,000 cpm/ug) was incubated
for 3 hours with 5ul Xenopus egg extract and 2.5ul dilution buffer (see
Materials and Methods) in the presence of 0.5 units of DNA ligase under
the following conditions.

(a) no ligase;

(b) Tº ligase present throughout 3 hour incubation;

( C ) E. . coli ligase throughout 3 hour incubation;

(d) Th ligase added for last hour of incubation;

(e) E. coli ligase added for last hour of incubation;

(f) Tli ligase added for last hour of incubation at which time
reaction conditions were adjusted to 20mM Tris–Cl pH 7.5,
lm'■ MgCl2, 0.25m'■ ATP, 5m'■ DTT;

(g) E. coli ligase added during last hour of incubation and
reaction adjusted to 20mM Tris–Cl pH 7.5, lm'■ MgCl2, 26LM NAD;

3(h) 0.06ng 'H-DNA, no incubation with egg extract.

The samples were prepared for the gel as described in the legend to
Figure ll and electrophoresis was performed for 56 hours.
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those specified for the enzyme. However the average superhelix density

is lower in all samples with ligase than that achieved under the usual

reaction conditions.

It was decided to omit ligase from the assembly reaction because of

the decrease in superhelix density. However the experiments with

ligase are important in that they demonstrate that repair of nicks

reduces the amount of material that migrates at the position of nicked

and relaxed covalently—closed circles. Therefore at least a very high

percentage, if not all, of the DNA at that position was organized into

nucleosomes at the time that the nick was repaired. In conjunction with

the observation that , upon incubation with egg extract, all the DNA is

converted to a more rapidly-sedimenting complex on a sucrose gradient,

and the known non-cooperative nature of the assembly process, these data

argue against the presence of free DNA within these preparations of

chromatin.

PREPARATION OF CHROMATIN FOR TRANSCRIPTION

To prepare chromatin for transcription it must be concentrated and

partially purified away from the total proteins of the egg extract,

It is possible to pellet the chromatin out of a small volume immediately

after the assembly reaction by sedimentation in a Beckman Airfuge at

100,000g for 5 hours. However the concentration of protein in the egg

extract is very high, at least lomg/ml. Thus under the standard

reaction conditions greater than 2001/g of protein is present during the

assembly of lug of DNA into chromatin. Consequently a considerable

amount of protein was recovered with chromatin that was pelleted dir–

ectly out of the assembly reaction mix.

Therefore a two-step sedimentation protocol was developed for
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purifying and concentrating the chromatin. The first step was sedi—

mentation in a 5–20% sucrose gradient exactly as described earlier for

the analysis of acquisition of chromatin structure. The conditions of

centrifugation were such that the peak of chromatin was about three

fourths of the distance down the gradient. Under these conditions the

bulk of the proteins were near the top of the gradient. In Figure l?

the position of chromatin is shown with respect to the migration pattern

of the proteins in the egg extract; the distribution that resulted from

loading both 50Ll and l60Ll of egg extract, is shown. There was consi–

derable trailing of proteins into the fractions containing chromatin

when lóOul of egg extract was loaded on the gradient; therefore no more

than 100 ul was loaded on each gradient for all subsequent experiments.

A rough estimate of the amount of protein that co-purifies with the

chromatin was obtained by summing the protein content of the chromatin

containing fractions compared to total protein on the gradient. There

was approximately lo–2011g of protein per ug of DNA, representing 5–10%

of the total protein.

The fractions from the sucrose gradient which contain chromatin were

pooled, the total volume being approximately 2 ml from a 5 ml gradient,

and pelleted as described in Materials and Methods. The pellet was re

suspended in a small volume, generally lo–2011, of 10mM Tris–Cl pH 7.9,

0.lmM Na-EDTA pH 7.5. This material is readily solubilized and is not

removed from solution by brief centrifugation; these observations are

consistent with the absence of histone Hl which has been reported to

cause chromatin to be condensed and difficult to solubilize (Griffith

& Christiansen, 1978). The recovery of chromatin through these steps

is 30–60%; thus it is not a small subpopulation. This chromatin retains
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FIGURE la: Sucrose Gradient Sedimentation of Proteins in Xenopus
Egg Extract

(O) l6Oul Xenopus egg extract was incubated with 811g *H-pBH2OA
(EcoRI-Sall) DNA. After 3 hours the reaction was adjusted to
10mM Na-EDTA pH 7.5, 0.25% Triton X-100, 10mM Tris–Cl pH 7.9
and sedimented for 2 hours through a 5–20% sucrose gradient as
described in Materials and Methods.

(A) 50Ll egg extract, without incubation with DNA, was sedimented as
described above.

The arrow marks the position of the peak of the chromatin-containing
fractions. 501l-aliquots from the fractions were assayed for protein
content using the Amido Schwartz procedure (Schaffner & Weissmann (1973)
Anal. Biochem. 56, 502). Values greater than approximately 30!!g are
estimates, since they were off the scale of the standard curve.
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its shifted migration with respect to DNA when it is rerun on a sucrose

gradient. (See the section on treatment of chromatin with fixing

agents and Figure l; A. ) The superhelix density also remains unchanged

from the gradient through pelleting, although there is some increase in

the amount of nicked material (data not shown). Although this purifi

cation scheme removes a large percentage of the proteins, the proteins

that still co-purify with the chromatin represent many different species,

l25as determined by labeling with I and analysis by gel electrophoresis

(data not shown).

TRANSCRIPTION OF CHROMATIN – GENERAL CHARACTERIZATION

Of major concern in the selection of transcription conditions for

egg-extract—assembled chromatin was the reported insolubility of total

cellular chromatin in solutions containing MgCl2 which is required for

transcription. Early attempts to determine the effect of MgCl2 C On Cen

tration on RNA synthesis from the egg-extract—assembled chromatin were

carried out on crude preparations which had been pelleted directly out

of the assembly reaction without being run on a sucrose gradient. It

was found that approximately the same relative increase in transcription

occurred with respect to increasing MgCl2 concentration at 0.1mM,2

lmM, and 10mM for DNA and chromatin, although transcription from DNA was

approximately tenfold greater than from chromatin at each concentration.

These results indicate that the chromatin had not become increasingly

inaccessible to transcription due to precipitation at the higher MgCl2
concentrations. Therefore the standard reaction conditions prescribed

for transcribing a DNA template with E. coli RNA polymerase were also

employed for chromatin, with no apparent problems due to insolubility.

To determine whether the structure of the chromatin is disrupted
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during the process of transcription, the chromatin was re-run on a

sucrose gradient after transcription. When chromatin was transcribed

and then treated briefly with RNase, its migration on a sucrose gradient

was the same as chromatin to which RNA polymerase had bound in the

absence of nucleoside triphosphates. The result was essentially the

same when the transcripts had been released spontaneously, without

digestion with RNase. The binding of RNA polymerase, in the absence

of transcription, causes all the chromatin to run farther down the

gradient (data not shown). These results indicate that all the chromatin

molecules are accessible to binding of RNA polymerase and that there

is no large scale loss of proteins from the template during transcrip

tion.

ANALYSIS OF TRANSCRIPTS BY GEL ELECTROPHORESIS

The size of the RNA transcribed from the chromatin template was

determined by gel electrophoresis. The RNA was pretreated with glyoxal

before being run on the gel described in Materials and Methods. Glyoxal

denatures RNA and DNA; therefore the gel migration of the RNA is a

function of molecular weight without complications due to secondary

structure and aggregation. Furthermore DNA fragments generated by

restriction enzyme digestion may be used as size markers since glyoxal–

treated RNA and DNA of the same size migrate the same (McMaster &

Carmichael, l977).

Figure ll displays the RNA transcribed from DNA and chromatin as a

function of time. Lanes a through c show the increasing size of the DNA

transcripts with time up to 5 minutes. The size distribution of RNA

molecules was centered at approximately 800 bases by 5 minutes and

remained constant up to twenty minutes, as shown in lanes d and e. The
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FIGURE lll: Gel Electrophoresis of RNA Transcribed from pHH20A(EcoRI-SalT)
DNA and Chromatin

*P-RNA was transcribed from pBH2OA (EcoRI-SalT) DNA and chromatin as
described in Materials and Methods with loug|ml template, 199ng/ml RNA
polymerase, and 50LM nucleoside triphosphates with limCi/ml P-UTP.
Transcription was terminated by delivery of samples into 10mM Na-EDTA pH
7.5, 1% Na-sarcosine, 0.2M Na-acetate pH5. The samples were prepared
for the gel by digestion with DNase and precipitation 5 times with
ethanol as described in Materials and Methods. The samples (each with
7500cpm) were treated with glyoxal and electrophoresis was performed for
2 hours as described in Materials and Methods.

©X17); DNA that had been digested with Hincll and treated with glyoxal as
described was used for the size markers. A broad band at the position
of 315, 311, and 335 bases has not been designated in the figure.

DNA Transcripts at :

) 0.5 minutes
) l. 5 minutes
) 5 minutes
) lo minutes
) 20 minutes

Chromatin Transcripts at :

(f) 5 minutes
(g) lo minutes
(h) 20 minutes
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first sample from the chromatin transcription, shown in lane f, was

taken after 5 minutes. At that time the size of the RNA was smaller

than that transcribed from DNA in 5 minutes; there was also a broader

distribution of sizes which was centered at approximately 500 bases. It

appears that, similar to the DNA transcripts, the maximum size had been

achieved by 5 minutes since there is no change in size up to lo minutes,

lane g. However, unlike the DNA transcripts, it appears that degra

dation may occur at later times since the RNA in the 20 minute sample

was smaller.

The regular striations in this gel are an artefact due to the

ridges in the paper onto which the gel was dried. That aside, distinct

bands were almost always observed in both DNA and chromatin transcripts.

The band at approximately ló0 nucleotides that is apparent in the DNA

transcripts in Figure ll was usually found in both classes of trans

cripts and was the most commonly observed discrete size species. Other

commonly observed bands occurred at approximately 300 and 600 bases and

two very large species, of approximately l()00 bases, were frequently

present. These did not appear to be due to association of radioactivity

with template DNA since another large species disappeared upon treatment

with DNase whereas these two bands remained.

Although these data do not establish whether or not it is possible

to transcribe through nucleosomes, they support the idea that this may

occur. There is no apparent accumulation of small transcripts from

chromatin that would have resulted from the RNA polymerase encountering

the nucleosome as a barrier. If it is estimated that there are on the

average ten nucleosomes per molecule of 3900 base pairs (see for example

Figures lo & ll), there would be on the average 250 base pairs of inter
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nucleosomal DNA and ll:0 base pairs in the core. Thus we would expect

the RNA transcripts to average less than 250 base pairs if only inter—

nucleosomal DNA were transcribed. It appears that essentially all RNA

molecules that are initiated are capable of continued elongation.

Another explanation for these data is that transcription occurs only in

regions with long nucleosome-free stretches. Although it is conceivable

that nucleosomes could apply constraints to the local melting that is

required for RNA synthesis, it seems unlikely that a distance of 500 bases

(the average size of the chromatin transcripts) would be the required

minimum separation between nucleosomes before RNA synthesis could occur

in that region. However the possibility that nucleosomes slide out of

the way of the RNA polymerase cannot be ruled out.

TREATMENT OF CHROMATIN WITH FIXING AGENTS

The question of major concern in experiments dealing with trans

cription of chromatin is whether or not the observed transcription

actually occurs from the chromatin template or only from free DNA. To

approach this question the effect on transcription of prior exposure of

the template to fixing agents was examined. The rationale behind this

approach is that if cross-linking blocks transcription from chromatin

whereas the same treatment does not affect transcription from DNA, then

the observed RNA synthesis from chromatin probably is not due to naked

DNA in the chromatin preparation.

Two protocols for aldehyde fixation of proteins, which are des—

cribed in Materials and Methods, were compared for suitability in these

Studies. Also, treatment of chromatin with the cross-linking agents at

three different stages in the preparation of chromatin was investigated.

These stages were l) immediately after reconstitution, 2) in the pooled
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fractions from the sucrose gradient, and 3) after the final pelleting

and resuspension. The selection of conditions was based on the best

retention of normal migration characteristics on a sucrose gradient and

complete insensitivity to dissociation by SDS after cross-linking.

The conditions that were chosen are treatment of chromatin with both

formaldehyde and glutaraldehyde after the chromatin has been purified on

a sucrose gradient, pelleted, and resuspended. The two-step fixing

procedure with formaldehyde and glutaraldehyde has been shown to allow

the retention of the native sedimentation behavior and appearance in the

electron microscope of the SVl:0 nucleohistone complex (Christiansen &

Griffith, lgT7).

In Figure ljA the migration on a sucrose gradient of fixed chromatin

is shown compared to untreated chromatin. The manipulations of fixation

caused some shift in the position of migration, perhaps due to loss of

other DNA-binding proteins. However the pattern of migration was very

similar to untreated chromatin; in particular the fixing did not cause

the chromatin to aggregate. The fixed chromatin complex was completely

resistant to dissociation by SDS whereas when unfixed chromatin was

treated with SDS, it migrated at the same position as free DNA, which is

designated in Figure ljA by an arrow. There are two reasons why the

chromatin has not migrated as far down the gradient in this experiment

compared to the experiments in Figures 9 and l3B. The first is that the

gradients were centrifuged for 90 minutes in Figure ljA instead of the

usual lº).5 minutes. The second reason is that the material in Figure ljA

had already been run on a sucrose gradient and had subsequently under

gone pelleting, resuspension and in some cases fixation before being run

on the gradients shown in the figure; there is probably some loss of

proteins through these steps.
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FIGURE lj : Sucrose Gradient Sedimentation of Chromatin Treated with
Fixing Agents.

(A) *H-pBH2OA(EcoRI-sal■ ) chromatin was prepared, purified through a
sucrose gradient, and pelleted as described in Materials and Methods.
The pellet was resuspended in 15ul 0.2m M Na-EDTA pH 7.5. One-third of
this material was prepared directly for the second sucrose gradient
sedimentation. The remaining loul was treated with formaldehyde and
glutaraldehyde, in a total volume of 120 ul, as described in Materials
and Methods. The solution was adjusted to 10mM Na-EDTA pH 7.5, 0.25%
Triton X-100, 10mM Tris–Cl pH 7.9; then to half of it SDS was added to a
concentration of l?%. Each of these samples was then sedimented through
a 5–20% sucrose gradient for 90 minutes as described in Materials and
Methods.

(D) Untreated chromatin (resuspended pellet after first sucrose gradient)

(O) Chromatin cross-linked with formaldehyde and glutaraldehyde

(9) Cross-linked chromatin plus SDS

The arrow marks the position of free DNA in a separate gradient.

(B) (D) *H-pbH20A(EcoRI-salt) DNA was treated with formaldehyde and
glutaraldehyde as described in Materials and Methods.

(A) *H-pBH20A(EcoRI-sal■ ) DNA was mixed with an equal amount of unlabeled |
pBH2OA (EcoRI-Sall) DNA that had been incubated with egg extract, in
parallel with labeled DNA, under the standard conditions. Formaldehyde/

-

glutaraldehyde fixation was performed in the presence of 10mM Na-EDTA
pH 7.5, 0.25% Triton X-l90, immediately following assembly.
The samples were sedimented through 5–20% sucrose gradients for 1.75
hours as described in Materials and Methods. The arrows mark the positions
of untreated DNA and chromatin in parallel gradients.
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Figure ljB shows the effect of the fixation procedures on DNA.

Exposure of DNA to the fixative had no effect on the position of migra

tion; the arrows designate the positions of migration of untreated DNA

and chromatin. Furthermore when DNA was fixed in the presence of

chromatin there was no change in the migration of the DNA. For these

experiments the DNA was tritiated and the chromatin was unlabeled, but

it had been prepared in parallel with tritiated chromatin. The results

of this experiment indicate that the proteins are not in close enough

association with added DNA to become fixed to it. These data suggest

that the proteins in chromatin become fixed where they are bound to the

DNA. If there are naked regions of DNA within the chromatin preparation,

proteins probably do not become fixed there during the cross-linking.

The possibility of sliding of proteins onto regions that had been naked

has not been eliminated, but such an event would leave other regions

relatively deficient in protein.

The effect of fixation on transcription is demonstrated in Figure

l6A. Transcription of chromatin was completely blocked by the fixing

procedure. On the other hand, there was little or no effect on trans

cription of DNA or DNA that had been exposed to the fixing conditions in

the presence of chromatin, as shown in Figure l6B and C. Thus it is

clear that the transcription that occurs from chromatin is not due to

molecules of DNA that are entirely free of nucleosomes; the absence of

free DNA molecules has also been inferred from the reconstitution

characteristics as discussed earlier. The fact that fixation inhibits

transcription from chromatin does not prove that transcription of

untreated chromatin proceeds through nucleosomes. However if all the

transcription of chromatin were due to synthesis between nucleosomes, it
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FIGURE lá: Transcription of Chromatin and DNA Treated with Fixing
Agents: (0) Unfixed Template; (O) Fixed Template.

(A) Transcription of Chromatin. *H-pºizos(EcoRI-salt) chromatin was
prepared as described in Materials and Methods. Fixation with formalde
hyde and glutaraldehyde was performed as described in the legend to
Figure lj. Both fixed and unfixed chromatin were then pelleted through
a cushion of 20% sucrose in the same buffer as the sucrose gradients,
under the same conditions used in the first pelleting step. The pellets
were resuspended in 0.2mM Na-EDTA pH 7.5. Transcription was carried out
as described in Materials and Methods with 10ug/ml template, 19983/ml
RNA polymerase, and 50LM nucleoside triphosphates with 2mci/ml "P-UTP.

(B) Transcription of DNA. *H-pBH20A(EcoRI-sal■ ) DNA was exposed to
fixing agents and pelleted through sucrose as described above. Unfixed
DNA was prepared in parallel. The pellets were resuspended in 10mMTris–
Cl pH 7.9, O. lmM Na-EDTA pH 7.5. Transcription was carried out as
described in Materials and Methods with 2ng/ml DNA, 2011g/ml RNA poly
merase, and 50LM nucleoside triphosphates with lmCi/ml. 'H-CTP.

(C) Transcription of DNA Fixed in the Presence of Chromatin. Chromatin
was prepared from unlabeled DNA in parallel with H-pBH20A(EcoRI-SalT)
DNA under standard conditions. After pelleting, 'H-pHH2OA(EcoRI-Sall)
DNA was mixed with unlabeled chromatin, in an amount estimated to be
approximately equal to the amount of DNA in chromatin. Fixation in
formaldehyde and glutaraldehyde and pelleting through sucrose were per
formed as described above. An identical sample that was not exposed to
fixing agents was prepared in parallel. The pellets were resuspended
in 10mM Tris–Cl pH 7.9, O. lmM Na-EDTA pH 7.5. Transcription was performed
as described in Materials and Methods with 311g/ml. 'H-DNA templa:3: 100ug/ml
RNA polymerase, and 50LM nucleoside triphosphates with 5mCi/ml P-UTP.
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seems possible that at least some of this synthesis could have still

occurred after fixation. In this regard Williamson and Felsenfeld

(1978) have shown that transcription can occur from a fixed chromatin

template with large nucleosome–free regions that are on the average

800–900 base pairs long. Therefore these observations are interpreted

as indicating that fixed nucleosomes present a barrier to transcription

whereas on an untreated chromatin template transcription proceeds through

nucleosomes.

REGULATION OF TRANSCRIPTION FROM CHROMATIN

It was shown in Figure 8 that the effect of CAP and cAMP on trans

cription from DNA was detectable as an increase in total transcription.

Therefore this assay was used to study the dependence of the effect on

the concentration of CAP. The assay was carried out as follows. The

concentration of CAP was varied from zero to 2011g/ml. At each CAP

concentration, two samples were prepared which were identical except

that one contained no cAMP and the other contained 107°M cAMP. Several

time points were taken from each reaction which generated rate curves

analogous to those shown in Figure 8. As described earlier, the increase

in CAP concentration resulted in a non-specific increase in transcrip

tion. Thus to determine the increase that was due to specific acti.

vation of the lac promoter, the percent increase in transcription that

resulted from the inclusion of cAMP at each concentration of CAP was

calculated after lo minutes of transcription.

In Figure l’■ A the percent stimulation of transcription by cAMP is

plotted as a function of CAP concentration, with pHH20A (EcoRI-Sall) DNA

as the template. In this system the half-maximal stimulation occurs at a
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FIGURE l'7: cAMP-Mediated Stimulation of Transcription of DNA and
Chromatin as a Function of CAP Concentration.

(A) pHH2OA(EcoRI-SalT) DNA was transcribed as described in Materials
and Methods with 5ug/ml DNA, 10ug/ml RNA polymerase, and 50UMnucleoside triphosphates with limCi/ml. 'H-CTP.

(B) Chromatin prepared from pHH2OA(EcoRI-SalT) DNA under standard
conditions was transcribed as described with 5–7 ug/ml template,
100pg/ml RNA pºlymerase, and 501(M. nucleoside triphosphates with2 or 5 mCi/ml. "TP-UTP.

Transcription was measured by incorporation of radioactivity into TCA–
precipitable material. Percent stimulation by cAMP was determined as
described in the text.
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CAP concentration of approximately 7 ug/ml. Exact comparison with other

in vitro lac transcription systems cannot be made since the concentration

of active CAP molecules is not known. However this value is in good

agreement with the expected value based on the range of half-maximal

CAP concentrations determined by de Crombrugghe et al. (197l). These

investigators found that the CAP concentration required for half-maximal

stimulation of lac synthesis varied with template concentration. When

the correction is made for the size of their template compared to

pBH20A (EcoRI-Sal I), a value between approximately 2 and 10ug/ml can be

estimated for the expected half-maximal CAP concentration in this system.

When this assay was carried out with chromatin prepared from

pBH20A (EcoRI-Sal I) DNA, the dependence of cAMP-mediated stimulation of

transcription on CAP concentration was very similar to that observed for

naked DNA, as shown in Figure l’■ B, although the absolute level of trans–

cription was approximately tenfold greater for DNA. The degree of

stimulation at each concentration of CAP was somewhat less than that

observed for DNA but was nevertheless substantial. It is important to

note that the concentration of RNA polymerase was probably not satur

ating in the experiments with either DNA or chromatin; thus perhaps even

greater percentage increases for both templates would have been observed

at higher polymerase concentrations. It is also important to note that

the polymerase concentration was tenfold higher in the chromatin trans

criptions than in the DNA reactions. Thus it is possible that a larger

difference in the percent stimulation by cAMP would have occurred between

DNA and chromatin at higher concentrations of polymerase. However it

has been estimated that chromatin templates have approximately tenfold

fewer polymerase binding sites than naked DNA (Cedar & Felsenfeld, l973;
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Bustin, l978; Williamson & Felsenfeld, l978). If this difference

reflects a difference in affinity for polymerase binding, this may

partially compensate for the polymerase concentration difference. In

any case, these parameters should have no effect on the concentration of

CAP required for half-maximal stimulation of transcription and this

value is very similar for chromatin and DNA. This observation indicates

that the affinity of CAP for its DNA binding site has not been drama—

tically altered by the presence of nucleosomes.

The characterization of the RNA synthesized in response to in

creasing CAP concentrations was accomplished by Southern hybridization.

The DNA fragments generated by restriction enzyme digestion of pHH20

with EcoRI, Aval, and Pst I were used as probes for transcripts from

different regions of pBH20A (EcoRI-Sal I). As can be seen clearly from

the maps of these plasmids in Figure 5, the short stretch of lac sequences

is contained in the Pst I–EcoRI fragment. This is the 950 base pair

fragment shown in Figure l8. It has already been demonstrated that

transcription of sequences contained in that fragment was substantial

even in the absence of CAP, thus obscuring variations in transcription

of the lac sequences. (See for example hybridization to band b in

Figure 6.) Read—through from the lac promoter beyond the lac-specific

sequences was assayed by hybridization to the EcoRI-Ava.I fragment, the

ll. 20 base pair fragment in Figure l8. As described earlier, this is

essentially the same as using the larger HpaI-EcoRI fragment of pl{B9.

Thus the low level of hybridization to band f in Figure 6 in the absence

of CAP demonstrates that the EcoRI-Ava.I fragment of pHH2O can also be

used for assaying read—through transcription with a low background.

The RNA transcribed from pHH2OA (EcoRI-Sall) DNA in the presence of
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*P-RNA Transcribed from pHH2OA(EcoRI-SalT) DNA with Increasing
CAP Concentrations Hybridized to Restriction Enzyme Fragments
of pHH2O

FIGURE 18:

Transcription was carried out as described in Materials and Methods with
loug/ml DNA, 39H8/ml RNA polymerase, and 50LM nucleoside triphosphates
with 5mCi/ml P–UTP, and CAP varying from 0 to 2011g/ml as shown ; tran–
scription proceeded for three minutes. The DNA fragments of pDH20 which
resulted from digestion with the restriction enzymes EcoRI, Aval, and Pst I
were separated by electrophoresis in a 0.8% agarose Tris-acetate gel at
50V, room temperature, for 5 hours. The sizes of these fragments are
approximately 2190, ll;20, and 950 base pairs. Hybridization by the
Southern procedure was performed as described in Materials and Methods.
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CAP at concentrations varying from zero to 2011g/ml is shown hybridized

to the three restriction enzyme fragments of pDH20 in Figure l8. The

increase in hybridization to the EcoRI-Ava.I fragment, the center band,

occurs at the two highest concentrations of CAP; in this particular

experiment there was a sharp transition in amount of hybridization from

5 to 10ug/ml of CAP. Thus the CAP-mediated stimulation of read—through

transcription from the lac promoter is clearly detectable from a DNA

template.

However when the same experiment was carried out with RNA that had

been synthesized from pHH2OA (EcoRI-Sal I) chromatin no CAP-dependent

increase in hybridization to the ll;20 base pair EcoRI-Ava.I fragment was

detected. The data are presented in Table IV as the relative peak

heights measured from a densitometric scan of an autoradiogram analogous

to the one shown in Figure l8; hybridization to the largest fragment was

normalized to 100. In this particular experiment there was detectable

hybridization to the EcoRI-Ava.I fragment at all CAP concentrations.

However in other experiments the level of hybridization to that fragment

was very low; nonetheless no increase was observed at high CAP concen—

trations. Thus the fact that there was no CAP stimulatory activity in

the experiment reported in Table IV is not due to anomalous activation

of the lac promoter to a relatively high level of transcription as a

result of being organized into nucleosomes.

The fact that the lac specific sequence is only sixty nucleotides

long in pBH20A (EcoRI-Sal I) makes the assay of lac sequences difficult

because they are a small percentage of the total RNA and because of the

difficulty of preparing filters with large amounts of complementary DNA.

Attempts were made to demonstrate an increase in transcription of the
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*P-RNA Transcribed from pHH2OA(EcoRI-salt) chromatin with
Increasing CAP Concentrations Hybridized to Restriction
Enzyme Fragments of pDH20.

TABLE TV.

Transcription was carried out as described in Materials and Methods with
llug/ml templgºe, 100Ug/ml RNA polymerase, 501(M. nucleoside triphosphates
with 5mCi/ml "P-UTP, and CAP at 0, 2, 5, 10, and 28H3/mil: transcription
proceeded for 5 minutes. To remove unincorporated "TP-UTP the samples
were passed through 2ml Sephadex G-50 columns in 20mM Tris–Cl pH 7.5, 10mM
MgCl2, . (Recovery of TCA-precipitable cpm through this step and 2 ethanol
precipitations was approximately 20% whereas recovery through 5 ethanol
precipitations was at least 50%. )

The EcoRI/Aval/Pst I fragments of pDH20 described in the legend to Figure 18
were separated by electrophoresis in a 0.8% agarose Tris-acetate gel at
HOV, room temperature, for 6.5 hours and then transferred to a nitrocellulose
filter. In order to reduce the background of hybridization to degraded DNA
between the specific fragments, these fragments had been run on a gel
essentially as described above, cut out , and electroeluted as described in
Materials and Methods before the electrophoresis described above.

Southern hybridization was performed as described in Materials and Methods.
The data are presented as the peak heights measured from densitometric scans
of the films, with hybridization to the 2190 base pair fragment normalized to
l00.
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TABLE TV

Restriction Enzyme
Fragments of

[CAP] (ug/ml)

pBH20A (EcoRI-Sal I) O 2 5 10 2O
DNA

2190 base pairs 100 lOO 100 LOO lOO

ll;20 base pairs 32 25 28 27 25

950 base pairs |6 l, 7 l,5 lil, 36
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lac sequences from chromatin in response to CAP by hybridization to the

EcoRI fragment of pBGP100 which contains the lac sequences, as described

earlier. This assay was also negative but it must be pointed out that

even for DNA transcripts this assay was variable. Although CAP–mediated

stimulation of transcription was clearly detected by hybridization to

this fragment in Figure 6, use of this assay in a number of later experi

ments was unsuccessful even when read—through transcription had been

clearly seen. The reason for this discrepancy is not known.

Why it has not been possible to detect changes in the pattern of

hybridization when there is substantial stimulation of total trans

cription from chromatin by CAP and cAMP is not understood. A possible

explanation is that although CAP is active in increasing the frequency

of initiation from the lac promoter, most of the transcripts do not

become long enough to be detected by hybridization. This may in fact

also be true for DNA transcription. From the total transcription data

it appeared that at high CAP concentrations there was about 60% more

total RNA; thus the CAP-dependent increase in hybridization was not as

great as would be predicted from the degree of total stimulation.

Preliminary investigations of the action of lac repressor in this

system were carried out on the DNA template. Studies were aimed at

determining whether repressor could block the CAP and cAMP-mediated

stimulation of total transcription. Proper function of the repressor

should allow the observed non-specific CAP stimulation, but no addi

tional transcription should result when cAMP is present. The experi

mental design was that rate curves were generated for reaction mixtures

containing CAP, CAP and cAMP, and both of those with three different

concentrations of lac repressor. The results were that at very early
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times the repressor appeared to hold the level of transcription in the

presence of CAP and cAMP down near that in the sample with CAP alone.

But at later times the transcription actually exceeded that in the CAP

and cAMP sample. Thus there appeared to be a contaminating stimulatory

activity in the repressor preparation. Furthermore it may be that this

activity is cAMP-dependent since no stimulation was observed in the

samples that contained CAP and repressor but no cAMP. These compli

cations preclude the analysis of the action of repressor on the chromatin

template since the assay of total transcription cannot be used. These

studies await the development of a hybridization assay for lac—initiated

transcription.
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CONCLUSION

In order to elucidate the mechanisms of specific gene expression in

eucaryotes, efforts have been directed toward developing in vitro

systems which preserve the inherent fidelity of transcription of the in

vivo systems. However in only a few cases has it been possible to

demonstrate specific, accurate initiation of transcription in vitro. In

most of these cases the in vitro systems are minimally-disrupted iso

lated nuclei. The detection of specific initiation in isolated nuclei

was most clearly demonstrated for 5S RNA synthesis in mouse myeloma

nuclei (Smith et al., 1978). These investigators used 5' [Y-S]triphos

phates to specifically label RNA molecules whose transcription was

initiated in vitro and found that 70% of the 5S RNA synthesized in

nuclei comprised chains initiated in vitro. In other nuclear trans

cription systems it has been shown that the addition of exogenous

polymerases results in the production of specific transcripts. This

was shown for 5S and tRNA genes in mouse nuclei (Sklar & Roeder, l077),

for an adenovirus specific 5.5S RNA in nuclei from cultured human cells

(Jaehning & Roeder, 1977), and for 5S RNA in yeast nuclei (Tekamp et

al., 1979). In all of the systems described above RNA polymerase III

was responsible for the observed specific transcription. In vitro

initiation by RNA polymerase II, which appears to function in vivo in

mRNA synthesis, was also suggested in the studies with 5' [Y-S]triphos

phates described above, although no specific RNAs were identified. In

one case a specific adenovirus mRNA was demonstrated to be initiated in

vitro by RNA polymerase II in isolated nuclei (Manley et al., 1979).

It has been more difficult to demonstrate specific initiation in in

vitro transcription systems in which further fractionation of the
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template has been carried out. In only two cases has specific initia–

tion been detected when chromatin was transcribed. In both cases

exogenous RNA polymerase III selectively transcribed 5S RNA genes

(Parker et al., 1978; Tekamp et al., 1979).

Reconstituted systems have also been developed in which specific

initiation of transcription has recently been detected. RNA polymerase

III was shown to accurately initiate transcription of Xenopus 5S RNA and

adenovirus 5.5S RNA when the transcription of purified DNA was carried

out in an extract from Xenopus oocytes or nuclei of oocytes (Birkenmeier

et al., 1978; Ng et al., 1979). Cloned Drosophila tRNA genes were also

specifically transcribed in such extracts (Schmidt, 1978). An extract

from cultured human cells was shown to direct the accurate transcription

of adenovirus 5.5S RNA from a purified DNA template (Wu, l978). It is

likely that the DNA becomes organized into nucleosomes upon incubation

in the extracts from Xenopus oocytes since these preparations are probably

very similar to those described by Laskey et al. (1977) and used in the

work described in this thesis for reconstitution of chromatin. However

in some of the reconstituted systems where specific initiation was

detected, the kinetics of total RNA synthesis were not consistent with a

progressive decrease in the available DNA template by organization into

nucleosomes which would be predicted from the observations described

in this thesis. In none of these reconstituted systems has the nature

of the template been investigated.

In the transcription system described in this thesis, the detection

of lac-specific initiation by virtue of its modulation by CAP and cAMP

provides the first suggestive evidence of specific initiation of trans–

cription from a reconstituted template proved to have many of the char–
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acteristics of native chromatin. Since the absolute level of trans–

cription of chromatin was approximately tenfold less than DNA, it is

possible that the large percentage increase in transcription due to

CAP resulted from the activation of many lac promoters from which rela—

tively short transcripts were synthesized. Whether or not the lac–

initiated transcripts can be further elongated has not been resolved

since an increase in lac-specific RNA could not be detected by hybri–

dization.

A similar model system has been developed by Williamson and Felsenfeld

(1978) in which TT DNA was reconstituted into chromatin. In that system

reconstitution was accomplished by gradient dialysis from urea and NaCl

instead of in the Xenopus egg extract used here. Contrary to the results

described in this thesis, Williamson and Felsenfeld found a loss of

fidelity of transcription by E. coli RNA polymerase from the reconsti

tuted T7 template. Although specific initiation events were not inves—

tigated in that system, it was found that both strands of the chromatin

template were transcribed equally, whereas when naked DNA was trans

cribed 75% of the RNA was complementary to one strand.

The action of CAP and cAMP in specific activation of transcription

in this system provides a model system for studying the mechanism of

interaction of a transcriptional regulatory protein with DNA that is

organized into nucleosomes. For example the question of whether CAP

(and lac. repressor) can bind specifically to DNA in the core particle or

only to DNA between nucleosomes may be investigated by approaches

similar to those used to determine the location of histone Hl in

chromatin. Changes in sedimentation behavior of mononucleosomes upon

binding of the regulatory proteins and the effect of removing the linker
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DNA by nuclease digestion are potential approaches to this question.

For such analyses it may be useful to assemble nucleosomes onto purified

small fragments of DNA containing the lac regulatory region, in order to

increase the concentration of specific binding sites relative to non

specific sites.

Studies of the action of restriction endonucleases on DNA organized

into nucleosomes constitute the only other investigations of the inter

action of sequence—specific DNA binding proteins with DNA in nucleosomes.

It was found, using the SVl,0 nucleohistone complex as substrate, that

histones block the cleavage of DNA by four different restriction enzymes

(Polisky & McCarthy, 1975; Cremisi et al., 1976; Ponder & Crawford,

1977). The degree of protection of the DNA is proportional to the

amount of histones in the complex; thus it was concluded that cleavage

of the DNA occurs only in the region between nucleosomes. The results

of these investigations may be relevant to the interaction of other

sequence—specific DNA binding proteins, such as transcriptional regu

latory proteins, with chromatin and suggest that they may bind to DNA

between nucleosomes.

The effect of alteration of nucleosome structure on the binding of

regulatory proteins may also be investigated in the system described in

this thesis. For example analysis of the binding of regulatory proteins

and RNA polymerase to chromatin that has been assembled with acetylated

histones and nonhistone chromosomal proteins such as high-mobility—group

proteins may provide insight into how structural changes in chromatin

are related to changes in transcriptional activity.
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