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I. INTRODUCTION AND STATEMENT OF THE PROBLEM

A major impetus to virological research in this decade has been the
appreciation that viruses can serve as convenient probes for exploring
the complexity of eukaryotic cells. The papovavirus, S$V40, jsolated in
1960, has proven particularly useful in this regard and has advanced our
understanding of cellular replication, transcription and transformation.
With its small circular genome capable of encoding only a limited number
of proteins, SV40 is heavily dependent upon the host cell for its
metabolic functions, and must fulfill them within the constraints of the
normal cellular processes. Viral DNA is therefore packaged within a
nucleoprotein structure analogous to cellular chromatin, a similarity
first recognized in 1975 (1).

When this thesis project was initiated in the Fall of 1978, the
entire DNA sequence of SV40 had just been published and molecular
information on the organization and expression of the viral genome was
rapidly becoming available. SV40 chromatin appeared to be a valuable
model system for studying the relationship between chromatin structure
and gene expression. In particular, it was of special interest to map
the position of nucleosomes in control regions of the viral genome. A1l
of the early investigations along these lines reported a random
distribution of nucleosomes with respect to restriction enzyme sites,
However, by the end of the year two reports had been published that
described a nuclease-sensitive (and thus, possibly nucleosome-free)
region of SV40 chromatin located near the viral origin of replication

{2, 3.



In our laboratory it had been demonstrated that psoralen
derivatives could be employed as probes of the intracellular structure
of SV40 chromatin (4). These DNA-photoaffinity agents were capable of
discriminating between "1inker" and "nucleosomal™ regions of DNA and
binding preferentially to the former (4, 5, 6). The in vivo nature of
the psoralen photoreaction made it seem feasible to probe for the highly
accessible region of SV40 chromatin intracellularly, thereby eliminating

possible artifacts resulting from cellular and nuclear disruption.

The objectives of this thesis project were:

1. To determine whether the SV40 origin region is preferentially
accessible to psoralen photoaddition in vivo.

2. To examine the chromatin structure of various S$V40 subpopulations
to determine whether they possess structural features (such as an
accessible origin) that could be correlated with their biological
functions.

3. To develop a technique for\]ocating psoralen adducts on DNA with
high resolution (ideally at the level of individual nucleotides) so
as to enhance the sensitivity and precision of this approach and to
extend its usefulness to in vivo structural analyses of specific

regions of cellular chromatin.



II. LITERATURE REVIEW

A. Structure and Expression of the SV40 Genome

1. Virus Morphology and Life Cycle

Simian Virus 40 (SV40) belongs to a group of very small DNA tumor
viruses known as papovaviruses. Other members of this group include the
SV40-1ike polyoma, JC and BK viruses and the larger papilloma viruses.
SV40 was originally isolated in 1960 as a contaminant of the Rhesus
monkey cell cultures used to produce human poliomyelitis vaccines (7).
Intensive study of this virus was stimulated by the discovery soon
afterwards that it could induce tumors in newborn hamsters. In cell
culture systems SV40 can result in either a lytic infection or cellular
transformation. In the former situation, "permissive" cells (such as
African Green Monkey Kidney cells) support full SV40 replication leading
to the lytic release of infectious virus. In the Tatter case,
"non-permissive" cells (such as mouse 3T3 cells) become stably
transformed at a low frequency. These transformants are characterized
by the presence of integrated viral DNA and the expression of the viral
early gene region (for general reviews of $V40, see references 8-11).
Out of this research has come a molecular understanding of many of the
events in the viral life cycle and an appreciation that SV40 can serve
as a simple mode] system for investigating eukaryotic control of
replication and transcription.

As deduced from electron microscopic analyses, the SV40 "virion"

(virus particle) is a roughly spherical particle of about 45 nm in

(ad
J

diameter (12). It contains a single covalently closed double stranded

DNA molecule of 5.2 kilobases in a nucleoprotein core {described in



detail in section B) composed of viral DNA and cellular histones, which
is surrounded by a protein capsid. The capsid contains the principal
viral protein VP1, as well as VP2 and VP3, each representing
approximately 10% of the virion protein. The presence of a DNA
topoisomerase and an endonuclease within the virion has recently been
reported (13), but it is not yet known whether these are essential
components of the virion. Mature SV40 virions are extremely stable at
neutral pH, both at 4° and 37° C, exhibiting little loss in infectivity
even in the 2.7M CsC1 gradients with which they are purified (14). The
importance of disulfide bonds (between VP1 subunits), divalent cations,
and pH dependent bonds in maintaining virion integrity is inferred from
capsid disruption in the presence of reducing agents, EGTA, and alkaline
solutions above pH 10 (15,16).

In a productive infection, SV40 virions adsorb to the cell surface,
and a fraction of them are transported by pinocytotic vesicles to the
nucleus where they are uncoated (12). 1In the nuclteus, the viral
nucleoprotein core directs transcription of the SV40 early mRNAs which
code for large (93,000 daltons) and small (17,000 daltons) viral tumor
antigens (T and t-antigen, respectively). The large T-antigen is
thought to be responsible for inducing the synthesis of histones and
enzymes of DNA metabolism which are cellularly encoded but required in
viral replication. Both large and small tumor antigens are thought to
play a role in cell transformation. Approximately 18 hrs
post-infection, viral DNA synthesis commences and concomitantly, late

mRNAs coding for the capsid proteins and the agnoprotein (8,000 daltons)
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promoting the switch from the early to the late transcriptional pattern
(described in a later seﬁtion). From this point until the cell is
killed and virus is released approximately three days later, newly
synthesized nucleoprotein cores and capsid proteins continue to be
assembled in the nucleus of the infected cell (described in section B).
Because SV40 replication is not under normal cell cycle control,
enormous quantities of virus are produced (approximately 105 particles
per cell) resulting in amounts of viral and cellular DNA that are
equivalent by the time the cell lyses. The onsets of the viral
metabolic processes described above are highly asynchronous in Tytic
infections of cultured cells. Thus, at most times during an infection,
a mixture of transcription, replication, and encapsidation intermediates
are present. This poses a major difficulty for the analysis of these
events in the viral life cycle.

2. Structure and Replication of the SV40 Genome

The SV40 genome is a circular DNA molecule of 5243 bp (virus strain
776) that has been completely sequenced (18) and of which detailed
restriction maps are now available. Numerous genetic studies have
utilized temperature-sensitive and deletion mutants to precisely
characterize initiation, processing, and termination sites for all viral
transcripts, the viral protein coding regions, putative transcriptional
control elements, and the single origin for DNA replication (8). As
depicted in Figure 1, the minimal SV40 origin (85 bp) is placed at the
top of the genetic map, (Bgl I site, 0.66 map units) so that the early
transcriptional region extends from it in a counterclockwise direction
and the late transcriptional region extends from it in a clockwise

direction, with both regions terminating near the Bam HI site. Hence,



Figure 1. Genetic Organization of the SV40 Genome

The major structural features of the SV40 genome are indicated with
respect to SV40 map units, which begin at the Eco RI site (0/1).
Additional reference points include the six Hind III recognition sites
(shaded innermost circle) and single sites for Bgl I, Kpn I, and Bam HI.
Indicated on the circular genome map arée the 5' and 3' ends of early
(small t- and large T- antigens) and late (agnoprotein and capsid
proteins VP1, VPZ, and VP3) mRNAs, the protein coding regions of these
mRNAs (open arrows), and the intervening sequences (dotted 1ines) which
are spliced out of mRNAs. Early and late transcription proceed on
different DNA strands in counterclockwise and clockwise directions,
respectively. A 420bp region (0.64 to 0.72 map units) around the origin
of DNA replication has been expanded to show the limits of the SV40
origin, the early gene TATA box, the 21bp and 72bp repeated sequences,
the three T-antigen binding sites (I, 1I, and III), and the major
initiation sites for the 5' ends of early (E) and late (L) mRNA
transcripts (adapted from reference 8).
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different strands of the DNA are used for the transcription of early and
late genes. Immediately to the late side of the replication origin lie
two tandemly repeated sequence elements of 21bp and 72bp which code for
no proteins but appear to be involved in transcriptional control
(discussed in the next section).

SV40 DNA replication is carried out in nearly the same fashion as
that of cell DNA replication, because SV40 borrows the necessary
ée]]u]ar enzymes (for reviews see 9, 19). However, the initiation of
SV40 replication requires the viral large T-antigen in addition to
cellular factors, and replication, once initiated at the viral origin,
takes longer to complete (15-20 min) than expected on the basis of size.
This is presumably due to the topological constraints of replicating a
closed circle. Although T-antigen binding to sites within the SV40
origin is essential for the initiation of replication, its presence is
not required during the elongation phase of replication (20). Evidence
for T-antigen binding is both biochemical and genetic. In vitro,
purified T-antigen binds three tandem sequences (I, II, and III, Figure
1) within the SV40 origin of replication in a graded fashion and
protects them from DNase I digestion or dimethyl sulfate modification
(21). At the non-permissive temperature, SV40 mutants that make
temperature-sensitive (ts) T-antigens are defective in DNA replication
in vivo (20), and in vitro these mutant T-antigens fail to bind origin
DNA at high temperatures (22). Exactly what function T-antigen serves at
the origin is unclear. However, T-antigen does possess ATPase activity
(23), and may have topoisomerase (24, 25) or proteolytic activity (26),
any of which might be involved in "activating" the SV40 origin. DNA

synthesis proceeds around the SV40 circle bidirectionally using the



cellular DNA polymerase alpha (27). As in the cell, replication is
semiconservative, with the leading DNA strand synthesized continuously
(5' to 3' polymerization and growth) while the lagging strand is
synthesized discontinuously (5' to 3' polymerization with growth in the
3" to 5' direction) by joining of short RNA-primed Okazaki fragments
(19). Replication is terminated when the two replication forks meet,
usually about 180° from the origin of replication. Separation of the
daughter molecules is a slow, and possibly multistep procedure (28).

3. Viral Transcription and its Regulation

SV40 has been studied extensively with the belief that it provides
a simple model of cellular transcription and its control. 1In spite of
its small size, however, a complex picture of viral transcription has
gradually unfolded (for reviews see 8, 29). The amounts and types of
mRNA vary markedly with time following infection. At early times (up to
18 hours post-infection) only 0.01-0.06% of the cellular RNA is virus
specific, whereas by 40 to 96 hours viral RNA has jincreased 300-1000
fold due at least in part to the enormous increase in the number of SV40
transcriptional templates that result from viral DNA replication. A
qualitative difference is also observed at the two times. Early in
infection most of the viral mRNA comes from the "early" strand and codes
for the two T-antigens, while at late times, 95% of viral mRNA comes
from the opposite strand and codes for capsid proteins. This
transcriptional switch is thought to occur at the level of initiation
and is temporally linked to the onset of DNA replication.

A model for SV40 transcriptional control has been proposed that
assigns a central role to large T-antigen (30, 31). Cells infected at

restrictive temperature with a ts T-antigen mutant overproduce early



mRNA (relative to permissive temperature), fail to initiate DNA
replication, and do not synthesize late mRNA (20, 31, 32). Based on
these observations as well as in vitro experiments (33, 34), T-antigen
is believed to be a feedback inhibitor, regulating its own synthesis as
well as that of viral DNA synthesis. Thus, when levels of functional
T-antigen reach a certain intranuclear concentration, early
transcription is inhibited, as a result of T-antigen binding at multiple
origin sites. This model strongly resembles the situation in
bacteriophage A, in which CI repressor protein regulates its own
transcription by binding to three tandem sites within the right operator
region (35).

Although in general, recent work with SV40 has supported the above
model, two additional transcriptional control mechanisms may be
operating. Evidence for selective degradation of nuclear RNA comes from
the finding that early in infection a significant amount of nuclear RNA
(detected by short pulse-labeling) is synthesized from the late strand
but is rapidly degraded and never used as mRNA (36). In contrast to
this early situation, at late times of infection selective degradation
of RNA does not occur. No satisfactory explanation for this phenomenon
is available. Support for a switch in the transcriptional pattern
mediated by an alteration of the transcriptional template during
replication comes from several studies (32, 37). First there is the
timing of the two events; late mRNA starts to appear only after DNA
replication has begun. As mentioned earlier this could be explained if
bound T-antigen regulates both events. However, in experiments using
temperature-sensitive T-antigen the ratio of early/late transcripts did

not revert to the early infection pattern following a shift-up in
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temperature at late times (32). Thus barring a change in the
specificity of the RNA polymerase late in infection (to date none has
been reported), there appear to be template changes occurring, probably
at the time of replication, which affect the efficiency of transcription
of the early and late strands. The nature of possible template changes
will be discussed in section B.

The RNA transcripts that encode both the early and the late
proteins have been mapped to multiple 5'-initiation sites within a 370bp
region near the replication origin (early, 0.66 map units; late,
0.66-0.72 map units) (8). These viral transcripts are also synthesized
as large (half or full genome length) RNAs that are subsequently
processed (spliced) and polyadenylated. Early transcripts can be
spliced to give either small t-antigen or large T-antigen mRNA (38).

The splicing pattern for late transcripts is more complex due to the
greater number of initiation sites and proteins coded within this
region.

The transcriptional promoters of SV40 have been localized to the
non-coding regions near the origin of replication and include a
Hogness-Goldberg or "TATA" box between T-antigen binding sites II and
III. From work with numerous eukaryotic genes a "TATA" box sequence has
been shown to fix the site of RNA initiation to approximately 20-30
nucleotides downstream from this sequence (39). Experimentation with
SV40 has proven that its "TATA" box serves in this capacity for early
mRNAs in vitro and in vivo (40, 41, 42). An analogous "TATA" box for
the SV40 late mRNAs was considered absent, but very recent work has
identified a "TACCTAA" box 20-30 nucleotides upstream from a major

initiation site that appears to fulfill the same function (43). Similar
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non-canonical "TATA" boxes may direct transcription from the many other
initiation sites observed late in infection.

An additional regulatory sequence 120bp upstream from the early
SV40 “TATA" box is indispensable for early transcription in vivo but not
in vitro (44, 45). Remarkable experiments with the SV40 "72bp repeat"
sequences have demonstrated that they are cis-acting components of the
early promoter capable of functioning in an orientation independent
manner and acting at distances up to 3000bp away from the "TATA" box
(46, 47).v A single copy of this repeat is sufficient for the
transcriptional "enhancer" function (45) which is not specific for SV40
genes since an effect is observed after linkage of the repeat to many
eukaryotic genes (46, 47). Since their discovery in 1981, other genetic
elements that functionally replace the "72bp repeats" have been
identified and include a 73bp repeat from the long terminal repeat (LTR)
of Moloney murine sarcoma virus (48), a 60bp fragment from bovine
papilloma virus (49), and a 244bp sequence from polyoma virus (50).
Surprisingly, these elements bear little sequence homology to the "72bp
repeats" except for a 16bp segment. Sequences more than 100 bases
upstream from the initiation sites of sea urchin histone H2a and herpes
simplex virus II thymidine kinase are also critical in regulating
transcriptional efficiency in vivo and may possess analogous "enhancer"
elements (51, 52). Explanations to account for the "72bp repeat"”
activity are speculative at this point. They include site specific
topoisomerases (thereby creating negative supertwists) and binding of
RNA polymerase II in a preliminary fashion, followed by migration to the
actual promotor. This region may also be involved in dictating a

special nucleoprotein structure in vivo. Finally, it may be significant
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for SV40 transcriptional control that the T-antigen binding sites lie
between the "72bp repeats" and the initiation sites for early
transcription (30).

In contrast to the wealth of information available on the early
SV40 promoter, very little is known regarding the late promoter. A
recent report of work with SV40 deletion mutants has suggested that the
"72bp repeats" are unnecessary whereas the immediately adjacent "21bp

repeats" are critical for efficient late transcription in vivo (53).

B. SV40 Minichromatin

1. Viral Nucleoprotein Structure

The DNA of all eukaryotes is packaged by association with nuclear
proteins into a complex structure known as chromatin (see reviews
54-57). This structure consists of many superimposed levels of
nucleoprotein organization, all of which play a role in condensing the
DNA in the nucleus. The best understood of these levels is that of the
basic 10nm chromatin fiber, within which the length of DNA is condensed
6 or 7 fold. Under the electron microscope this fiber appears as a
repeating pattern of "beads" or nucleosomes arrayed on a DNA string (58,
59) (see Figure 2). Each nucleosome is thought to consist of a core
particle composed of two molecules each of the histones H2a, H2b, H3 and
H4, around which 146 bp of DNA is wound in two superhelical turns.
Evidence from micrococcal nuclease digestion indicates that nucleosomes
are connected by interbead or "linker" regions of DNA that vary in
length depending upon the source of the chromatin but average 30 to 60bp
(60). Thus, the repeat length of mest 10nm fibers is about 200bp.

Histone H1 (H5 in avians) is found at half the molar ratio of the other



Figure 2. The 10nm Fiber of SV40 Chromatin

SV40 chromatin extracted from infected cell nuclei was purified on
sucrose gradients, then spread for dark-field electron microscopy.
Nucleosomes, a Tinker region, and a 200bp repeat unit are indicated
(taken from reference 96).

13
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histones and is thought to play a role in condensing 10nm chromatin
fibers into fibers 30nm in diameter (61, 62). The thicker fiber
represents the second level of chromatin organization and results in a
net DNA compression of approximately 25 fold, ciose to that found in
interphase chromatin (63). Limited digestions with micrococcal nuclease
have demonstrated that histone H1 is associated with and protects 20 bp
of linker DNA at the sites where the DNA enters and leaves the
nucleosome (64-66) (see Figure 3). The binding of H1 to DNA is less
stable than that of the core histones since H1l can be displaced from
chromatin by extensive nuclease digestion or by 0.6M NaCl (whereas the
other histones require at least 1.2M salt before dissociation occurs).
In addition to its role in chromatin condensation, H1 also appears to
stabilize the nucleosome repeat length of 200bp by preventing the
nucleosomes from sliding along the DNA (67). Two models for nucleosome
folding in the 30nm fiber have been proposed (57). In the first model,
H1 interactions are envisioned to lead to clustering of adjacent
nucleosomes into large globular arrays or "superbeads" that are packed
in tandem to form the thick fiber. In a second model, similar Hl
interactions are proposed to stabilize a regular helical solenoid in
which fhere are six nucleosomes per turn. This model appears to fit the
available data better than the superbead model but many of the detailed
features of the solenoid model are still undergoing revision. Both
superbead and solenoid-type chromatin structures are observed in the
electron microscope following gentle lysis of nuclei.

The intracellular nucleoprotein complexes of SV40 strongly resemble
cellular chromatin. Under conditions where histone H1 is dissociated,

SV40 chromatin or "minichromatin" appears as a ring of viral DNA, with
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Figure 3. Helical Solenoid Model of Nucleosome Packaging in the 30nm
Chromatin Fiber.

In the absence of histone H1 no ordered structures are formed. Once H1
is bound, nucleosomes assume a zig-zag (lower portion of diagram)
arrangement as a result of the DNA entering and leaving at sites close
together on the same side of the nucleosome. It is postulated that this
zig-zag structure further condenses and eventually forms a helical
solenoid with about six nucleosomes per turn. Details of histone H1
interactions are not specified in this model taken from Kornberg, R. D.
and Klug, A. (Sci. Am. 244, 52-64, 1982).
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22-26 nucleosomes bound to it (1, 68). These nucleosomes are composed
of histones made by the host cell and are thought to be identical to
nucleosomes from host chromatin. Similarly viral linker regions average
about the same size as host cell linker regions. When minichromatin is
extracted under conditions where the complex retains histone H1l, its
conformation is that of a chromatin superbead (62, 69). A solenoid
conformation may not be possible with small circular DNA. Because SV40
chromatin is already completely compact at the superbead stage no higher
Tevels of chromatin condensation are possible. By contrast, in cellular
chromatin, the extent of DNA condensation has been estimated to be 5000
fold in metaphase cells (70). Viral chromatin structure is maintained
throughout the SV40 1ife cycle, and free viral DNA has not been detected
intracellularly; thus these complexes are thought to function as the
templates for early and late transcription, DNA replication and virion
assembly.

2. Functional Minichromatin Complexes

Starting at approximately 24hrs post-infection virions are
assembled by the gradual deposition of capsid proteins onto
minichromatin molecules. Although the exact order of addition of the
three capsid proteins is not known, pulse-chase experiments have shown
that labeled DNA passes from mature minichromatin (75S) into
heterogeneous pre-virion particles (180-240s) and finally into mature
virions (250s) (71, 72) (see Figure 4). Several important changes in
the viral chromatin take place during this 4-5 hr process. First, along
with the addition of VP1 and VP3 (73) there is a gradual increase in
acetylation of histones H3 and H4 (74, 75). Then in the transition from

immature to mature virus, histone Hl is displaced (or degraded), VP2 is



Figure 4. Schematic Representation of SV40 Chromatin Complexes during
the Lytic Cycle.

Viral minichromosomes are represented by a string of beads
(nucleosomes). Previrion and virion complexes are represented by
icosahedral particles. Typical sedimentation values (s) are given for
each type of nucleoprotein complex (adapted from reference 19).

17
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bound and a final maturation process takes place (71, 75). Neither
large nor small T-antigens are packaged inside virions nor are they
required for the virion assembly process. At some point during the
latter stages of virion maturation, the minichromatin structure of this
complex undergoes a poorly understood conformational alteration. This
alteration has been probed by treatment of the virion chromatin with
various enzymes following gentle dissociation of the virion capsid in
vitro. An "open" conformation of this chromatin was inferred from its
increased sensitivity to nucleases and its high template efficiency for
transcription with exogenous RNA polymerase (E. coli) (15, 76).
Experiments that used saturating levels of psoralen photoaddition to
measure the chromatin conformation within intact virions (this thesis)
substantiated these findings. This special structure of virion
chromatin may aid the virus in establishing a new infection.

SV40 transcriptional complexes have been isolated by a number of
procedures that rely upon selective extraction of SV40 chromosomes from
isolated nuclei. These complexes are heterogeneous, represent about 1%
of the total SV40 chromatin, and sediment more rapidly on sucrose
gradients than bulk chromatin. They have been found to contain cellular
histones, RNA polymerase II and short lengths of nascent RNA which can
be extended in vitro (77, 78). Sedimentation velocity experiments and
direct electron microscopy have confirmed that these complexes possess a
compact minichromatin structure (78). Very few biochemical studies of
transcriptional complexes have been carried out due to the rather low
purity of these preparations. However, it has been shown that S$V40
chromatin structure can strongly influence the specificity of RNA

synthesis initiated by E. coli RNA polymerase (79). In the presence of
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a-amanitin (which inhibits eukaryotic RNA pol II) the E. coli enzyme
preferentially transcribed late SV40 RNA from a late minichromatin
template whereas exclusively early RNA was synthesized from a purified
SV40 DNA template. Nucleosomes, tightly bound factors or bound
T-antigen may have mediated the specificity shift observed with the
minichromatin. No analogous experiments to test the specificity of the
E. coli enzyme on early minichromatin templates have been reported.

| Replicating SV40 chromatin complexes have been isolated by
extraction procedures similar to those used for transcriptional
complexes. They also represent about 1% of bulk minichromatin late in
infection, sediment heterogeneously on sucrose gradients and appear to
possess the normal minichromatin structure, as determined by electron
microscopy. These complexes are associated with much higher levels of
T-antigen than are bulk, non-replicating molecules (80, 81).

Studies of replicating minichromatin in isolated nuclei (reviewed
in 19, 55) have demonstrated that DNA replication and nucleosome
assembly are closely synchronized, so that nucleosome-free regions of
DNA exist only transiently. During SV40 replication parental (ol1d)
nucleosomes are segregated semiconservatively to the two daughter DNA
strands, so that only the DNA strand replicating in a continuous fashion
(5' to 3' growth) receives parental nucleosomes; the other strand
receives newly synthesized nucleosomes (82). Because SV40 replication
proceeds bidirectionally from its origin, both daughter DNA molecules
will receive half new and half old nucleosomes and will be mirror

isomers with respect to the placement of new (or old) nucleosomes in the

¥

early {or late) transcriptional region. Thus, a transcriptional switc!

(early to late) could be mediated by DNA replication if new nuclecsomes
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were different from old ones in some way. Specific nucleosome changes
that have been suggested to affect eukaryotic transcription include
biochemical alterations such as histone phosphorylation or acetylation
(83) and association with HMG proteins 14 and 17 (84), or positional
alterations that change the alignment of nucleosomes with respect to
transcriptional promoters (described in the next section).

3. Nucleosome Positioning

One of the most intriguing questions in eukaryotic gene expression
'concerns the relationship between chromatin structure and gene control.
In certain well-documented cases it appears that the extent of DNA
condensation plays a role in regulating transcription (85). For
instance at the electron microscopic level, there appears to be an
association between highly condensed chromatin (as in heterochromatin)
and transcriptional inactivity. In an opposite situation the highly
active ribosomal RNA genes of Xenopus and Drosophila show very low
packaging ratios. However, these cases may not be representative of
most eukaryotic transcriptional units.

As a first step it would be valuable to know whether the basic
nucleosomal packaging of DNA serves simply as a means of DNA
condensation, or whether differential function can be expressed through
this structure. In systems where this question has been addressed,
study has focussed on the possibility of nucleosome "positioning" (see
reviews 57, 86). "Positioning," or "phasing" as it is sometimes termed,
refers to specific placement of nucleosomes with respect to underlying
DNA sequence such that certain sequences are always in either core or
Tinker locations. The importance of such an arrangement within the cell

would be that of placing effector sites for regulatory proteins in
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"closed" or "open" positions respectively. Until the development of the
indirect end-labeling technique (discussed in the next section) it was
only feasible to test this hypothesis for 55 or tRNA genes which are
present in some cells as long tandem repeats, or for the SV40 genome
which is present in many episomal copies.

SV40 chromosomes were an early favorite for these studies because
intact minichromatin could be isolated and because the positions of
nucleosomes could be determined with respect to a defined DNA sequence.
From 1976 to 1978 several investigators tested the hypothesis of random
nucleosome placement on SV40 by digesting virion-derived (88, 89) or
intracellular (3, 87, 89-92) minichromatin with restriction enzymes
known to cut SV40 DNA at one or very few sites. By determining a
cutting frequency for each enzyme recognition site, an assessment of the
relative accessibility at each site was possible. These experiments
showed that no site was 100% accessible (in linker region) on all
minichromatin molecules. In fact, many of these studies showed that at
all sites the accessibility was at most 20-30%, consistent with a random
positioning of linker regions, and hence nucleosomes (87-90, 92).

However, investigators who employed restriction enzymes with
recognition sites near the replication origin (0.66 map units) found
much higher (2 to 4 fold) cutting frequencies with these enzymes (3,
91). Limited digestions with endonucleases lacking strong site
specificity on naked SV40 DNA were then employed to map the
accessibility of SV40 chromatin in greater detail. Both micrococcal

nuclease (93) and a nuclease endogenous to monkey cells (2, 94) cleaved

3

one third of the minichromatin molecules at a singie site. From 30 (93,

2) to 100% (94) of these cleavages were made at the SV40 origin region
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(approximately 0.65-0.74; see Figure 5 for exact map coordinates).

These findings suggested that precise nucleosome positioning on SV4OIDNA
might be restricted to a small region of the genome and be present on
only a fraction of minichromatin molecules. Electron microscopic
studies subsequently detected a "nucleosome-free" region of DNA that was
320bp (95) or 250bp (96) long on 20-25% of the minichromatin molecules
extracted at late times of infection. By the combined use of
restriction enzymes and electron microscopy this region was determined
to extend from the origin of replication into the late transcriptional
region, in good agreement with the nuclease digestion studies.

Although the accumulated evidence of electron microscopy and
nuclease digestion was strong, serious artifacts were possible with both
these techniques. Micrococcal nuclease was shown to have stronger DNA
sequence specificity than originally believed resulting in cleavage of
some linker regions more frequently than others (97, 98). There was
also the possibility of nucleosome sliding or displacement during the
minichromatin isolation procedures required for both of these approaches
(99). Substantiation of the findings discussed above came from
concurrent experimentation with two linker region-specific DNA-binding
agents, N-acetoxy-acetylaminofluorene (N-AAAF) (100) and psoralen (this
thesis), both of which identified the SV40 origin region as highly
accessible within intact cells.

As mentioned earlier, positioning.of nucleosomes has also been
investigated for tandemly repeated tRNA and 5s RNA genes. This has been
done by digesting chromatin with micrococcal nuclease to degrade linker
regions, and subsequently digesting the purified DNA with restriction

enzymes to map protected regions to specific DNA sequences. The genes
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Figure 5. Map Coordinates of the "Open Region" of SV40 Chromatin
Determined by Different Methods

The upper half of this figure depicts the SV40 replication origin, the
control elements, and the 5'-mRNA cap sites as in Figure 1. The region
from 0.64 to 0.74 map units spans 524bp. The lower half of this figure
is a composite of results from SV40 chromatin mapping studies in which
as "open region" was detected. The position and extent of this region
is indicated for the first eight studies with brackets. For the three
remaining studies, the approximate positions of major and minor nuclease
hypersensitive sites, early (E) or late (L) in infection, are indicated
with arrows.
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of interest were located on gels by blotting with labeled probes. No
large nucleosome-free regions of these genes were identified. Several
studies have suggested that a subset of the total 5s RNA genes have
nucleosomes that are precisely positioned so as to expose a potential
regulatory sequence (101, 102). However these findings and similar ones
with the tRNA genes (103) need to be confirmed by independent methods,
given the possibility of strong sequence specificity with micrococcal
nuclease digestion (97, 98).

A major question regarding the nucleosome-free region of SV40
concerns the mechanism that dictates it. Experiments with SV40
insertion mutants that contain a duplication of sequences from 0.66 to
0.716 map units have shown that the DNA sequence of this region is
partly responsible for this peculiar chromatin structure. These studies
used endogenous nuclease or electron microscopy to show that a
nucleosome-free region can form at either the original or inserted
origin (104, 105). Several theories to explain this finding have been
proposed and include: a) features of the DNA sequence itself preclude
formation of nucleosomes, or b) proteins associated with this region
prevent or shift the location of nucleosome binding. When the first
theory was tested by in vitro reconstitution of SV40 chromatin, only
slight sequence specificity for nucleosome formation was detected
(106-108). Other in vitro work has demonstrated that almost any
synthetic or natural double stranded DNA can be packaged into chromatin;
exceptions are poly dA:poly dT DNA and left-handed helical DNA (Z-DNA)
(109, 110). The second theory appears more attractive both because of
the above results and because the nucleosome-free region spans the known

T-antigen binding sites, the replication origin and the transcriptional
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control sequences of SV40. Experiments employing a ts T-antigen mutant
have shown that both before and after raising the temperature the origin
region was preferentially nuclease sensitive, thus bound T-antigen is
not required to maintain this "open region" (111). Other
investigators, in attempts to pinpoint the genesis of the “open region"
molecules, studied replicating SV40 chromatin by electron microscopy and
restriction enzyme digestion. They reported that newly synthesized
minichromatin was not enriched in molecules with a nucleosome-free
region (112). It was also possible that "open region" molecules were
preferred templates for, or the consequence of, partial encapsidation
into virions. For this reason the minichromatin structure of disrupted
virions was analyzed by Timited nuclease digestion. This analysis
showed that the nucleosome-free region was lost or altered during
encapsidation or during disruption (113). Experiments involving
psoralen photoaddition to intact virions (this thesis) convincingly
demonstrated that the "open region" was lost during encapsidation. In
summary, the 300-400bp nucleosome-free region on SV40 chromatin appears
to be at least indirectly dictated by the DNA sequence of this region
but the sequence per se does not preclude histone binding.

4. DNase I Sensitivity

Significant advances in the understanding of active chromatin
structure have come about through the use of DNase I, a relatively
nonspecific endonuclease that makes double-stranded cuts at accessible
regions of DNA (for reviews of this subject see references 57, 63, 114).
Unlike micrococcal nuclease which recognizes all chromatin linker
regions with approximately equal efficiency, DNase I appears to

recognize a hierarchy of different accessible regions (ranked as:
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insensitive (bulk), intermediate, sensitive and hypersensitive) with
efficiencies ranging over several orders of magnitude.

The special recognition properties of DNase I were first
demonstrated by Weintraub and his colleagues who showed in 1976 that the
globin geﬁe of chick erythrocyte nuclei was preferentially sensitive
(10X over bulk DNA) to digestion with DNase I (115). This effect was
tissue-specific since the globin gene was not preferentially digested in
the chick oviduct. Much additional work has since demonstrated that
DNase I sensitivity is associated with transcribed or potentially
transcribed regions and is maintained in part by the tight binding of
HMG proteins 14 and 17 (84, 116) to the nucleosomes of these regions.
Surrounding these DNase I sensitive regions and sometimes extending many
kilobases to either side are tracts of chromatin that are intermediately
sensitive (2-5X over bulk) to DNase I (117). Although micrococcal
nuclease does not preferentially degrade potentially active genes to
acid solubility (115, 118), it does appear to recognize some feature of
genes undergoing transcription, since these sequences are more rapidly
degraded to mononucleosome-sized fragments (146-185bp) than are bulk DNA
sequences (118).

In 1980, a new class of DNase I sensitivity, termed
hypersensitivity (100X over bulk), was identified by the use of a
powerful mapping technique. The indirect end-labeling technique (119,
120), in contrast to the earlier hybridization analyses, permitted the
Tocation of individual DNase I cleavage sites in chromatin to be mapped
with great accuracy (+ 50bp). DNAse I hypersensitive sites were
initially observed when gel-blot hydridization (Southern analysis) was

used to examine the bands produced by very light DNase I digestion of
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Drosophila nuclei (120, 121). DNA purified from the digested chromatin
was redigested with a restriction enzyme. The DNA fragments were then
separated on a gel, transferred to nitrocellulose, and hybridized to a

short, 32

P-labeled cloned fragment which abuts the restriction site. As
a result of this procedure, the size of the visualized fragments define
the distance from the recognition site to the site cut by DNase I in
nuclei. Surprisingly, even very light digestion with DNase I gave rise
to prominent bands which were indicative of very specific cleavage sites
in chromatin. These DNase I hypersensitive sites were shown to map
predominantly at or near the 5' end of transcription units and to
consist of a stretch of 100-200 sensitive nucleotides (121-123).
Further experimentation has generalized this finding to many genes from
Drosophila, rat, chicken and yeast cells. These sites sometimes appear
before the onset of transcription, persist after it is finished and can
be transmitted vertically during replication (124-126). Like other
biochemical alterations that have been associated with transciptionally
active genes, such as hypomethylated CpG sequences in DNA (127, 128) and
hyperacetylated histones H3 and H4 (83,129), 5' DNase I hypersensitive
sites appear to be necessary but not sufficient for transcription
(63,114). Finally, because they are detectable within chromatin but not
on purified DNA, hypersensitive sites are thought to reflect chromatin
packaging which leaves certain regions of DNA exposed or in highly
accessible conformations (e.g. SS-DNA, Z-DNA).

Low resolution mapping of SV40 chromatin with DNase I was carried
out in 1978 before the discovery of DNase I hypersensitivity, and was
used to confirm the location and size of the accessible region at the

SV40 origin (2). In a later study SV40 hypersensitive sites within
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nuclei were precisely mapped by indirect end-labeling and changes in the
number and location of these sites were correlated with the shift from
early to late transcription. Thus, at early times one major site
(within the 72bp repeats) and several minor sites (closer to the Bgl I
site) were detected, whereas at late times two additional major sites
appeared (close to the original one) and the minor sites disappeared
(130) (see Figure 5). Another investigation confirmed the three major
sites at late times but in addition detected three minor sites (near the
Bgl I site) (111). This study further demonstrated that the
hypersensitive sites were not dependent upon bound HMG proteins 14 and
17, T-antigen, or viral capsid proteins. A third group has reported
that the nuclease DNase II also recognizes unique features of this
region and cuts once within each 72bp repeat late in infection (131).
Taken together, these findings suggest that DNase I hypersensitive
sites on SV40 chromatin include a major transcriptional control element
of the virus, the 72bp repeats. Furthermore, if the SV40 findings can
be generalized, some of the 5' DNase I hypersensitive sequences of other
eukaryotes may represent similar promoter elements that are maintained
in nucleosome-free conformations. As mentioned earlier, work with the
herpes simplex virus thymidine kinase gene has demonstrated that a
region 100 bp upstream from its "TATA" box is required for efficient
transcription in vivo. Very recently it has been shown that this same
region becomes hypersensitive to DNase.I in thymidine kinase-transformed
cells expressing the gene whereas thymidine kinase transformants that
fail to express thymidine kin<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>