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ABSTRACT We have synthesized DNA segments with
different handedness, twisting and radii of curvature, and
have analyzed the effect of untwisting on them. The results
indicate that the dynamic behavior of curved DNA upon
untwisting is strongly determined by the initial sequence-
dependent DNA trajectory. In particular, DNA with the same
radii but with opposite handedness of superhelix twisting can
show very different conformational responses to ethidium
bromide untwisting. Upon treatment with ethidium bromide,
right-handed superhelixes decrease their twist and increase
the planarity of the superhelix, while left-handed superhelixes
increase twisting and decrease their degree of planarity.

Sequence-dependent curvature of DNA (or bent DNA) has
been associated with important biological processes (1-8). Our
understanding of the role of curved DNA in these processes
could be expanded by considering the sequence-dependent
geometrical features of DNA and structural origin of DNA
bending (7-12). Curved DNA does not correspond to a single
shape but rather to a continuum of different three-dimensional
(3D) shapes, characterized by different radii, handedness, and
twisting of curved segments (11-13).

In the present work, we have analyzed some aspects of the
relation between sequence-dependent DNA shape and
ethidium bromide (EB)-induced untwisting of DNA. We show
that inherent sequence-dependent structural features of DNA
such as handedness and twisting of curved segments can be
dramatically changed by an in vivo-relevant degree of DNA
untwisting.

MATERIALS AND METHODS

Design and Synthesis of Well Defined Shapes of DNA. DNA
molecules containing bent sequence elements were designed
using data from the literature (10, 11, 14-19). Ligation of
monomer units was done using the following sequence design:
(i) planar curved DNA [21-mer (AAAAAGGCCCAA-
AAAGGGCCQ)]; (ii) superhelix DNAs with similar radii of
curvature, but with opposite handedness [20-mer (AAAA-
AGGGCCAAAAAGGGCC) versus 22-mer (AAAAAGGG-
CCCAAAAAAGGCCC), and 19-mer (AAAAAGGC-
CAAAAAGGCCC) versus 23-mer (AAAAAGGGC-
CCAAAAAAGGGCCQ)]; (iii) superhelix DNAs with the
same handedness, but with different radii and macro-twisting
of the superhelix (19-mer versus 20-mer and 22-mer versus
23-mer, as above). As a straight DNA control, we used (CA),
sequence repeat lengths (19- to 23-mers). All oligonucleotides
were synthesized using an Applied Biosystems model 381 A
Oligonucleotide Synthesizer and were purified by 8% poly-
acrilamide gel electrophoresis. The purified oligonucleotides
were 5’ end-labeled as described (19), complementary strands

The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked “advertisement” in
accordance with 18 U.S.C. §1734 solely to indicate this fact.

Copyright © 1997 by THE NATIONAL ACADEMY OF SCIENCES OF THE USA
0027-8424/97/94403-4$2.00/0
PNAS is available online at http://www.pnas.org.

403

were mixed, heated to 90°C, and slowly cooled to form hybrids.
The ligations were done as described (20, 21).

Gel Mobility Assay. Electrophoresis was done using 8%
polyacrylamide gels (20). The applied voltage was 5 V/cm. In
the “untwisting assay” the electrophoresis was done in the
presence of 0.005 mg/ml of EB in the gel and the gel-running
buffer. The buffer in the electrode compartments was recir-
culated, as described by Diekmann (20).

Cyclization Experiments. The experiments were done as
described (21, 22). Circles were detected by exonuclease I1I
digestion (23). “Untwisting assay”’ was done using different EB
concentrations in 10X increments from 0.01 pg/ml to 1
mg/ml.

RESULTS

Our experimental design was based on differential phasing of
GGCC and AAAAA sequence elements. These sequence
motifs have a high net roll-angle difference (9-11, 18, 19, 24),
and one can produce a variety of different 3D trajectories using
the same sequence elements (12-14, 17, 25, 26). Curved
monomer units that are smaller than the helical pitch (10.5 bp
on average) will form inherently left-handed superhelixes after
concatemerization, and the handedness of the superhelix will
be the opposite if the curved monomer units are longer than
the helical pitch. Each type of designed monomer unit was
ligated to give multimers of various lengths. To monitor the
untwisting-induced change in the 3D shape of curved DNA, we
used gel mobility and cyclization assays. Both assays were done
under stress-free (no EB) and untwisting (with EB) conditions
(see Materials and Methods).

Gel Mobility Assay. The differences in 3D trajectory of
curved DNA resulted in differences in electrophoretic mobility
as illustrated in Fig. 1. Under stress-free conditions, the 3D
trajectory formed by multimers with the same radii of curva-
ture but with opposite handedness of twisting, showed a similar
mobility anomaly, expressed as the coefficient of retardation
(R). (Compare 20-mers to 22-mers and 19-mers to 23-mers,
Fig. 1 a and ¢ Upper.) The “plateau region” of the R versus n
plots (13), where “n” represents the multimer of ligated
monomer units, presented in Fig. 1c, indicates the onset of one
full turn of superhelix. The “plateau region” starts near 100 bp
for ligated 19- and 23-mers and around 180 bp for 20- and
22-mers, before untwisting (Fig. 1c¢ Upper). Thus the 19- and
23-mers show smaller “plateau values” of R versus n, than 20-
and 22-mers. This indicates that 19-mers and 23-mers have
smaller radii but a higher twisting of superhelixes. To simulate
untwisting conditions, EB was introduced in the gel and
gel-running buffer. After adding EB, the mobility anomaly
between superhelixes, which are designed to have initially the
same radii of curvature but the opposite chirality of twisting,
was significantly different (compare the position of the arrows
in Fig. 1b). Only planar (21-mers) and right-handed curved
DNA fragments (22- and 23-mers) were showing a mobility
anomaly after untwisting (bottom of Fig. 1¢). The left-handed
curved 19- and 20-mers did not reveal any retardation for all

Abbreviations: 3D, three dimensional; EB, ethidium bromide.
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F1G. 1. Influence of untwisting on the gel mobility
LEFT PLANAR RIGHT anomaly in curved DNA molecules (19- to 23-mers)
with well-defined 3D shape: (a) Gel mobility under
R 23] stress-free conditions (no EB). Monomer units used in
211 ligations (19- to 23-mers) are designated at the top of
19 1 each gel lane. Lane M is the molecular weight marker
171 1 r VII (Boehringer Mannheim). Arrows denote the similar
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.. buffer. Arrows denote the now quite different mobilities
untwisting of 220-bp fragments of left-handed and right-handed
' curved DNA segments. (¢) Gel mobility anomaly R
versus n for the different monomer units (19- to 23-
R 14 mers). R is the coefficient of retardation (13). The
13 experimental error in determination of R is estimated as
ia | +0.03. The number of ligated monomer units is denoted
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multimer lengths (R = 1). In the presence of EB the start of
the “plateau region” was shifted toward longer DNA lengths
compared with the stress-free conditions. Note that the scale
of the n values is higher for the bottom (n = 6, 7,8, ...)
compared with the Fig. 1c Upper (n = 3, 4,5, ...).
Cyclization Assay. We also compared the pattern of cyclization
under stress-free versus untwisting conditions for well defined
3D-curved DNA multimers (Fig. 2). Under stress-free conditions,
only curved 21-mers gave small circles, starting at 126 bp (Fig. 2
Middle). There was no detectable cyclization of 3D-curved 19-,
20-, 22-, or 23-mers. Under untwisting conditions, initially curved
right-handed superhelixes (22- and 23-mers) did form small

curved DNA before and after untwisting are depicted
at the top and bottom, respectively. Upon untwisting,
the right-handed superhelixes (Right) increase their
radii but decrease their overall twisting and become
more planar. Initially planar curved DNA molecules
(Center) are converted to left-handed superhelixes,
while left-handed superhelixes (Left) become more
twisted, with smaller radii.

circles, starting at 154 bp (see arrows in 22- and 23-mer panels),
but not curved left-handed 19- and 20-mers. The cyclization of
23-mers (lane 5 of the 23-mer panel) was possible only under 10
times higher concentration of EB than for 22-mers (lane 4 of the
22-mer panel). Under untwisting conditions, the planar curved
21-mers gave the same pattern of cyclization, but with lower
efficiency. The presence of circles was confirmed in all cases by
treatment with exonuclease III. Contrary to what was seen with
curved DNA, straight (CA),, DNA did not show a differential
pattern of cyclization among all ligated sequence repeats (19- to
23-mers), either under stress-free or untwisting conditions (data
not shown).
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FiG. 2. Chirality-dependent cyclization of right- and left-handed 3D-curved DNA in the presence or absence of EB. Lane M is molecular weight
marker VII (Boehringer Mannheim), while the scale 3 to 10 at right denotes the number of ligated monomer units. Lanes 1 to 6 show the effect
of increasing concentration of EB on cyclization, in the direction indicated by large arrows. EB concentration increases by a factor of 10 from one
lane to the next, from 0.01 ug/ml (lane 1) to 1 mg/ml (lane 6). The presence or absence of circles was additionally confirmed by exonuclease IIT
digestion as shown for 19-, 20-, and 21-mers. The presence of circles is indicated by small arrows next to gel peaks. Note that the 23-mer needs
a 10 times higher concentration of EB (lane 5) than does the 22-mer (lane 4) to form circles, and that the 19- and 20-mers were not able to make

circular products under the same range of EB concentrations.

DISCUSSION

When DNA curves in three dimensions it departs from the
local plane of curvature. In such cases, the plane curvature
twists by some angle as the DNA advances through space, so
the DNA coils into three dimensions forming a superhelix or
supercoil (12). The global 3D trajectory of curved DNA can be
monitored by gel mobility (4, 13, 14, 19, 25, 27-31). The
relation between the gel mobility anomaly and 3D twisting
and/or curving of repetitive sequence DNA trajectory has
been established (13). Our gel mobility experiments were
designed to show the changes of the well defined shape of
3D-curved DNA upon untwisting. The results obtained are
compatible with the conceptual framework proposed by Cal-
ladine et al. (13). The R versus n values and the plateau region
(Fig. 1c) reflect the radius and the twisting of the 3D-curved
DNA trajectory before and after untwisting. Retardation
coefficient values (R) for untwisting conditions are smaller
than in stress-free conditions, and the plateau region is shifted
toward longer DNA lengths. This indicates that EB not only
untwists DNA, but also destabilizes the fine stacking interac-
tions that are important for DNA bending (31). EB acts locally
between base steps, but affects the global shape of the super-
helixes. The general effect of untwisting on 3D-curved DNA
is that only 21-, 22-, and 23-mers show gel mobility anomalies,
but not 19- and 20-mers.

A cyclization assay was also used to show changes of the well
defined 3D shape of curved DNA upon untwisting. However,
this assay is less straightforward than the gel mobility assay,
since cyclization is affected not only by the sequence-
dependent 3D shape but also by sequence-dependent dynamic
features of DNA (17, 21, 22, 27, 32-34). The fact that the
sequence-dependent flexibility of DNA is anisotropic (32, 33)
should not be underestimated. The term ‘“anisotropic flexi-
bility” of DNA (32, 33) means that DNA bends more easily
toward the major than toward the minor groove—i.e., that roll
angle fluctuations are predominantly positive in sign (33). The
size of DNA circles is determined by the value of the net roll
angle difference between phased sequence motifs at the
moment of cyclization (27). In general, circles are smaller if the
net roll angle difference between phased sequence motifs is
bigger.

In two recent papers by Dlakic et al. (35, 36), the authors
monitored the cyclization of curved DNA with and without
A-tracts, under external conditions that increase the flexibility
of DNA [the presence of 2-methyl-2,4-pentanediol, MPD (48)].
They observed a differential effect between the two types of

curved DNA and concluded that their results demonstrated a
sequence-specific straightening of A-tracts by MPD that is not
observed with general sequences. This was used to cast doubt
on the validity of crystal structures of A-tracts, which have
uniformly shown them to be straight and unbent, and to
support the “bent-A-tract” model for curvature in phased
alternating A-tract/non-A sequences, rather than the “bent
general sequence” model. However, the effect of increased
DNA flexibility caused by MPD was not considered properly in
their model. In the presence of MPD, A-tracts will mostly
fluctuate on the positive side of the rolling scale (i.e., toward
the major groove), which means that the net roll angle
difference between A-tracts and other sequence motifs will be
smaller. Therefore, if flexibility of DNA is increased via MPD,
this will result in bigger circles only for A-tract-containing
curved DNA, exactly what Dlakic ef al. observe. Non-A-tract-
containing curved DNA will produce the opposite trend—i.e.,
the circles will be smaller. In that case, the net roll angle
difference for non-AA/TT-containing curved sequence mo-
tifs can be even higher, because they could either increase or
decrease the roll angle values. Again, the results of Dlakic et
al. (35, 36) confirm this. In summary, their results must be
reinterpreted in the light of MPD-induced changes in differ-
ential DNA flexibility, and not simply static bending as they
have done.

In our case, since we were comparing curved DNA with the
same sequence, we should have the same flexibility between
the multimers. Under stress-free conditions only curved 21-
mers produced small circles. Under untwisting conditions only
curved right-handed superhelixes (22- and 23-mers) and
curved planar 21-mers were able to produce small circles (Fig.
2). The curved left-handed 19- and 20-mers did not give
circular products in the range that was monitored. The straight
(CA), DNA did not show any differential behavior upon
untwisting for all sequence repeat lengths (19- to 23-mers).
Taken together, these results indicate that, in our assay, the
end-to-end rotation distance between ends of DNA did not
affect cyclization as much as the global 3D trajectory of DNA.
They confirm the results of the gel mobility assay that indicate
a very different configuration of 19- to 20-mers versus 22- to
23-mers upon untwisting.

Bednar et al. (37) recently showed by electron microscopy
that intrinsically straight DNA has a persistence length of
about 250 bp, versus only 150 bp for DNA of natural origin. It
seems that the previous value of 150 bp now includes a
contribution from slight random curvature as well as thermal
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motion, and hence that the DNA is more thermally rigid than
was previously thought. Therefore, it seems unlikely that the
superhelixes that we observed could result from a high DNA
flexibility attributable to thermal motion.

Twisting of superhelixes is determined by the local values of
twisting between base pairs. Untwisting modulates the phasing
of bent motifs and induces changes in the global 3D shape of
DNA. Upon untwisting, the right-handed curved superhelixes
will decrease twisting and increase the planarity of 3D curva-
ture, while the left-handed curved superhelixes will increase
twisting and decrease planarity of 3D curvature (as illustrated
in Fig. 1¢). This change in shape upon untwisting results in a
stronger gel mobility anomaly and a higher efficiency of
cyclization of right-handed superhelixes. The opposite trend is
seen for left-handed superhelixes. A similar mechanistic ex-
planation was used to rationalize the temperature-dependent
transitions of DNA global shape as measured by gel mobility
anomaly and the same reasoning was used in the design of
helical phasing experiments (19, 25, 27-29, 30, 31).

The average linking deficit present in vivo is about 1.7
degrees per base step (12). In the case of EB-induced cycliza-
tion of curved 22-mers, the value of twist decrease is even less
than the linking deficit which is present in vivo. Therefore, our
data would suggest that right-handed superhelixes can switch
easily to more planar curves, or even to left-handed super-
helixes under untwisting conditions in cells. In the recent paper
by Hirota and Ohyama (38) it was demonstrated that right-
handed superhelixes upstream of a bacterial promoter enhance
transcription more than do planar circles or left-handed su-
perhelixes. If this DNA bending pattern is a general feature of
DNA upstream of a bacterial promoter, one could envisage
that DNA shape transitions could be used as recognition
signals for protein binding and as a driving force for transcrip-
tion and/or replication of DNA (38-43). Right-handed su-
perhelixes could be unwound to left-handed superhelixes by
RNA polymerase to store torsional stress, that later could help
to unwind the —10 region TATAAAT.

The inherent sequence-dependent deformability/flexibility
of DNA (7, 8, 12, 44) and deformations induced by proteins
(45-47) both determine the final shape of regulatory DNA
segments. The experimental results presented here show that
the same degree of untwisting can induce differential changes
in the global shape of left-handed and right-handed 3D-curved
DNA. These changes will be predetermined by the starting,
sequence-dependent, macro-shape of curved DNA. In other
words, (i) the distribution of bent sequence motifs that is coded
by the sequence and (ii) the degree of untwisting/overtwisting
that is imposed by proteins, are both relevant in influencing the
overall trajectory of a given segment of DNA in vivo.
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