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Conformational Information in DNA:
Its Role in the Interaction With DNA
Topoisomerase | and Nucleosomes
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Abstract Information in DNA is not limited to sequence information. Both local and global conformational
parameters are pivotal to the interaction with a number of relevant proteins. The function of the major components of
the transcription machinery (RNA polymerase II, DNA topoisomerase 1, nucleosomes, the TATA-binding factor) is
dependent on the topological status of the substrate DNA molecule. The topological requirements and the conforma-
tional consensus that dictate the rules for localization of nucleosomes and define the active sites for DNA topoisomer-
ase | have been established; the reaction of DNA topoisomerase | is regulated by a topological feedback mechanism.
The integrating function of the free energy of supercoiling in the transcription process and the regulatory role of DNA
topoisomerase | are discussed. o 1994 Wiley-Liss, Inc.
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COMPONENTS OF THE TRANSCRIPTION
MACHINERY AND THE LOCAL SUPERCOILING

Form of Free Energy

Removal of one individual nucleosome or of a
few numerically and topographically well-de-
fined [1-5] nucleosomes from promoters upon
induction of transcription has been observed. It
is long known that removal of nucleosomes from
closed DNA domains releases supercoiling [6],
thus making locally available the amount of free
energy that corresponds to one superhelical turn.
A variation of the free energy in closed domains
changes the DNA structure, and this is very
likely to have an effect on the interaction with
proteins. Thus, removal or displacement of
nucleosomes has a structural consequence which
becomes immediately genetically relevant. Un-
derstanding in detail this phenomenon requires
the previous solution of two open problems. The
first is how the free energy so made available
along the linked (Lk) double strand will be parti-
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tioned between variation of the DNA writhing
(W) and twisting (T'). The general nature of the
basic equation of DNA topology—Lk = T +
W—does not help us in finding a solution to this
question. The second problem is whether the
surrounding nucleosomes are a valid barrier
against the dispersion along the chromatin fiber
of the locally available quantum of free energy.
Understanding (or at least measuring) this phe-
nomenon is not at close reach.

The helical period of DNA when laid on the
nucleosomal surface is defined and is different
from the period of DNA in solution. It is there-
fore unlikely that a local variation of twisting
will easily propagate through surrounding
nucleosomes without causing general destabili-
zation. On the other hand, dispersion of writh-
ing in the form of torsion along the chromatin
fiber is easy to imagine but difficult to evaluate.

Even though answers to these wide-ranging
topological questions are lacking, the fact that
the removal of one nucleosome from a chroma-
tin string releases free energy may lead to predic-
tions that can be brought to experimental analy-
sis.

These predictions may be formulated in the
form of a single general question: how many and
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which proteins or protein systems use this free
energy? And a subquestion: do these proteins
compete among themselves for the various struc-
tural aspects under which energy is stored?

DNA Topology and Proteins

Among the enzymes and the structural pro-
teins which have been reported to be supercoil-
ing-dependent are RNA polymerases, nucleo-
somes, eukaryotic DNA topoisomerase I and II,
and at least one transcription factor [reviewed
in 7]. Limiting our analysis to eukaryotic sys-
tems, it is clear that the study of transcription
cannot be approached in its entirety without
taking into consideration the effect of the varia-
tions of supercoiling on the DNA sequences
which react with the transcription machinery.
We should not forget that if it is true that
supercoiling affects transcription, it is also true
that transcription affects supercoiling, as de-
scribed by the twin-domains model of transcrip-
tion [8]. We shall limit ourselves to two defined
pieces of the transcription machinery: nucleo-
somes and DNA topoisomerase I. We will briefly
extend the conclusions to the third major compo-
nent of the system, RNA polymerase.

At this point, one should recall the following
facts about closed DNA systems.

Topology describes the properties that do not
change when the (closed) system is modified: the
linking number of a closed double strand is a
typical topological property. This classical defini-
tion is of little practical use. In genetic systems
topological properties characterize the closed
circles of viral genomes, of plasmids, of intact
mitochondrial DNAs, and of in vitro ligated
DNAs. In large chromosomal molecules, a chro-
mosomal loop can be considered a topologically
defined system. When a nucleosome comes off a
string of similar particles, the topological analy-
sis on the 150-200 base-pairs long DNA tract
which is left free by its removal is useful, even if
it is not formally correct. The description of
variations of writhing, of the other topological
properties, and of the local variations of the
DNA twist is structurally and genetically infor-
mative.

For a long time, the issue of unconstrained
DNA supercoiling in eukaryotic chromosomes
has remained controversial because of the asso-
ciation of DNA with nucleosomes [7]. Recently,
the existence of a stably maintained microdo-
main of localized unconstrained DNA supercoil-

ing has been reported in a Drosophila heat shock
gene locus [32].

Nucleosomes. Nucleosomes wrap DNA
around themselves 1.8 times in a left-handed
solenoid. The fact that local flexibility favors the
formation of the DNA/protein complex has long
been recognized as the driving force of nucleo-
some formation.

The DNA sequences which allow preferential
formation of nucleosomes are characterized by
anisotropic flexibility.

The actual sequences which tend to locate
themselves inwards relative to the nucleosomal
surface and the phase of their distributions have
been defined in a series of pioneering studies
[9,10 and references therein]. The fact that nu-
cleosomes bend DNA and the phased distribution
of flexible sequences predict that intrinsically
curved DNA will favor nucleosome formation
relative to bulk DNA sequences. The left-handed
direction of the curvature on natural nucleo-
somes predicts that the linkage reduction of
DNA will also be a favoring factor. Both predic-
tions have been verified [11-13]. In particular,
we have observed that on curved DNAs (from
the Crithidia fasciculata kinetoplast [12] and in
the Saccharomyces cerevisiae 5S rRNA repeat
gene [13]) multiple nucleosomes are formed in
vivo and in vitro which occupy alternative posi-
tions constantly on the same rotational phase.
This implies that in these systems nucleosomes
sit on the same “face’” of DNA and enjoy a facili-
tated sliding possibility. The multiple alterna-
tive occupancies spaced by a single helical period
are in fact necessarily quasi-isoenergetic, and
the possibility of sliding motions has been pro-
posed and verified [14].

In conclusion, the rotational information ap-
pears to be the major determinant of nucleo-
some positioning, to the point that the so far
elusive translational information may be noth-
ing but the equilibrium between the two sets of
phased flexible sequences distributed at the two
sides of the nucleosomal dyad. Of the three
terms of the equation of topology (Lk, linking;
T, twist; W, writhing) W seems to be the most
important in the interaction of nucleosomes with
DNA.

DNA topoisomerase I. DNA topoisomerase
I changes the linking number of DNA with a
nicking-closing mechanism that causes topologi-
cal relaxation of DNA and does so in a topology-
dependent fashion: supercoiled DNA reacts and
is relaxed, while unstrained DNA behaves as a
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much weaker substrate [15,16]. The fact that
the reactivity of the substrate increases as a
direct function of its superhelical density (that
is, of its writhings) has suggested that DNA
curvature plays a role in the interaction with the
enzyme. It was actually shown that bent DNA is
a highly preferential substrate [17] and the sites
which induce curvature are the sites of preferen-
tial reactivity, as measured by localization of
cleavages [17]. A consensus motif based on con-
formational parameters, not directly on base
sequence, was identified as characteristic of the
preferential interaction sites. This motif was
described in terms of the set of Eulerian angular
values that define the axial path of DNA (helical
twist, deflection angle, direction) and of the or-
thogonal components of wedge (roll and tilt)
(18]. In curved DNAs the cleaved sites always
map on the external side of the curve [19], and
modifications of the tridimensional trajectory of
DNA change the reactivity pattern [19].

In conclusion, the reaction of DNA topoisom-
erase I is highly sensitive to the tridimensional
context of its substrate sites, and the reaction is
strictly supercoiling-dependent. In the basic
equation mentioned above, DNA topoisomerase
I is sensitive to each of the three terms: the
cleaved sites are characterized by local helical
parameters (T'), the overall reactivity senses the
curvature of the DNA molecule (W), and its
reaction changes the linking (Lk) and conse-
quently changes both T and W, bringing the
DNA from an active to an inactive state. These
studies show that the regulation of the DNA
topoisomerase I reaction is a typical feedback
regulation, although of a novel type: a topologi-
cal feedback.

RNA polymerase II. RNA polymerase Il en-
ters the DNA at initiation of transcription. In so
doing, it changes the local twist and, in closed
systems, redistributes twists and writhes. In
vitro transcription by purified RNA polymerase
11 is highly supercoiling dependent, and ternary
transcription complexes form on promoters only
on negatively stressed systems [20 and refer-
ences therein]. When contained in topologically
closed DNA domains, RNA polymerase II pro-
moters change the local conformation of func-
tionally relevant sites, such as the UAS, the
TATA sequences, and the RNA initiation sites,
in a coordinate and topology-related way [21].
Evidence for the transmission in cis of topologi-
cal effects and for the correlation of these effects
with activation of transcription in vitro has been

obtained [21 and references therein]. Thus, acti-
vation of the function of RNA polymerase II
changes both the T and the W term of the basic
equation of DNA topology. Only the Lk term,
the linking number of the molecule, is left intact.

Therefore, coming back to the original ques-
tion, concerning the genetic consequences of the
free energy which is made available on a pro-
moter region upon removal of a nucleosome, it is
clear that these consequences are profound.
Deposition of nucleosomes is favored by linkage
reduction and by alteration of twist, RNA poly-
merase Il is activated, and DNA topoisomerase I
starts its nicking-closing reaction. These activi-
ties are correlated, are in reciprocal competition,
and are largely conflicting; each protein tends to
use for its own binding and reaction the locally
available free energy. The major role in this
process is played by DNA topoisomerase I, due
to the fact that its relaxing activity completely
and covalently removes the topological strain.
The next section considers the hypotheses and
the emerging evidences on the involvement of
DNA topoisomerase I in eukaryotic transcrip-
tion.

DNA TOPOISOMERASES AND EUKARYOTIC
GENE EXPRESSION: CONTROL OF DNA
STRUCTURE AND FUNCTION

In the last decade, much knowledge has been
accumulated about chromosome architecture
and DNA conformation inside the cell. The char-
acterization of DNA topoisomerases has been
pivotal to this type of studies. As for transcrip-
tion, the majority of the accumulated evidences
has pointed to their role in the elongation pro-
cess (i.e., in the removal of the stress generated
during the tracking of RNA polymerase and of
associated proteins along the DNA) [8,22-25].
On the other hand, it is possible that these
enzymes play a major role in the control of
transcription initiation. The maintainance of
the active or of the inactive state of expression of
a defined set of genes still needs to be elucidated
from a mechanical point of view; this problem
represents a major challenge for the understand-
ing of differentiative and developmental pro-
cesses at the molecular level.

Role of DNA Topoisomerase |
in Gene Expression

Whether the nature of the involvement of
DNA topoisomerases in the regulation of gene
expression is direct or indirect is still controver-
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sial. In S. cerevisiae, it has been reported that
DNA topoisomerase I mediates a general tran-
scriptional repression when cells stop exponen-
tial growth and approach the stationary phase
[26). The process is rather specific because not
every gene is repressed. Moreover, some of the
genes which are specifically activated in the
stationary phase are more efficiently transcribed
in a DNA topoisomerase I deficient strain. The
explanation provided is speculative and is based
on the modulation of chromatin architecture
[286].

In another study in yeast, it was shown that
transcription of ribosomal minigenes on extra-
chromosomal plasmids is greatly stimulated in a
topl-top2 strain (where the DNA topoisomerase
I TOP1 gene is deleted and the TOP2 gene
contains a temperature sensitive mutation) [27].
Transcription initiation by RNA polymerase I is
stimulated by negative superhelicity, as demon-
strated in reactions with extracts from the double
mutant strain [27].

A report from our laboratory shows a correla-
tion between DNA topology and RNA polymer-
ase II-dependent gene expression in yeast in
vivo. The alcohol dehydrogenase II (ADH2) gene,
but not the ADH1, is more efficiently expressed
in a DNA topoisomerase I mutant strain, as
compared to its isogenic wild type [28]. At the
same time, a substantial increase in linking num-
ber is observed after the addition of ethanol in
the wild type strain but not in the topl mutant
[28]. These and similar observations have led to
the conclusion that DNA topoisomerase 1 con-
trols the kinetics of promoter activation in yeast
in vivo. As previously shown, the accumulation
of positive DNA supercoils in yeast chromatin
results in a cessation of transcription [29].

As in yeast [28], also RNA synthesis by hu-
man RNA polymerase II is sensitive to the con-
formation of the DNA template: in vitro tran-
scription from the immunoglobulin heavy chain
(IgH) promoter is enhanced by increasing nega-
tive superhelicity in reactions containing only
TATA-binding protein (TBP), TFIIB, and RNA
polymerase II [30]. By contrast, RNA synthesis
from the same promoter in the linear form is
dependent also on the presence of TFIIF, TFIIE,
TFITH, and of a fraction containing TFIIA and
TFILJ. It is suggested that the free energy of
supercoiling promotes the formation of an open
complex for initiation of transcription, thus
avoiding the requirement of additional factors

[30].

GENE-SPECIFIC ACTION FOR DNA
TOPOISOMERASE 1

A common feature of these and other [31]
reports is that the transcription of a defined set
of genes is sensitive to variations of DNA struc-
ture or of the DNA topoisomerases function.
The same occurs in prokaryotes: only defined
promoters are influenced by mutations in the
genes coding for DNA topoisomerases or by envi-
ronmental changes affecting the degree of DNA
supercoiling inside the cell.

This specificity is not surprising if one consid-
ers that each promoter has its own specific DNA
sequence and therefore its own DNA conforma-
tional information. Its information must satisfy
the requirements for binding and for activation
of the defined set of proteins (both the ubiqui-
tous and the specific transcription factors) act-
ing at that particular promoter. In other words,
the structure of each promoter has to be finely
modulated in order to ensure controlled gene
expression. This concept is inherent to the archi-
tecture of the eukaryotic chromosomes that,
like the prokaryotic ones, are organized in circu-
lar domains (loops) that obey the rules of topol-
ogy, independent from each other because of the
attachment to the nuclear matrix. Interestingly,
the sites of DNA anchorage contain recognition
sequences for DNA topoisomerase II, one of the
major components of the chromosomal scaffold,
and the matrix associated regions (MAR) are
rich in enhancers.

A direct involvement of DNA topoisomerase I
in the control of gene expression was demon-
strated recently: the Auman enzyme is required
for maximal activity of specific promoters and
mediates the repression of basal transcription
by interacting with the TATA-binding protein
(TBP) subunit of TFIID [33]. According to the
proposed model, RDNA topoisomerase I is loaded
onto the transcription complex via the TFIID
complex; in the absence of the activator, this
interaction results in repression of transcrip-
tion, whereas in the presence of the activator
DNA topoisomerase I is translocated to the elon-
gating complex and removes the superhelical
tension induced by the elongation process [33].
Strikingly, the relaxing activity of ARDNA topoi-
somerase I is dispensable for transcriptional
repression, as demonstrated by using an enzyme
with a mutation in the catalytic site. This means
that a completely new role can be attributed to
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this enzyme, previously known only for its nick-
ing-closing activity.

Although its involvement in the control of
gene expression seems to be conserved in evolu-
tion, the gene for DNA topoisomerase I is not
essential for cell viability in yeast, whereas the
homologous gene in Drosophila is essential for
development [34]. Different roles for DNA topoi-
somerase I in gene regulation might have devel-
oped during evolution.

Most interesting is the consideration that DNA
topoisomerases, enzymes known to have a gen-
eral role in the control of DNA conformation
and of chromosome architecture, are indeed in-
volved in the regulation of specific promoters.

In a very similar manner histone proteins,
known to have a general role in chromatin orga-
nization, act specifically at defined promoters
[35]. Histone and DNA topoisomerase I have
similar topological requirements (they appreci-
ate curves and stress), they both influence DNA
conformation and topology, and both regulate
transcription in a general and in a gene-specific
manner. The whole matter is still quite contro-
versial; nevertheless, it can be safely stated that
the involvement of DNA structure and topology
in the control of gene expression is not an exotic
topic anymore.
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