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We predict a novel conformational regime for DNA, where denaturation bubbles form at the tips of
plectonemes, and study its properties using coarse-grained simulations. For negative supercoiling, this
regime lies between bubble-dominated and plectoneme-dominated phases, and explains the broad
transition between the two observed in experiment. Tip bubbles cause localisation of plectonemes within
thermodynamically weaker AT-rich sequences, and can greatly suppress plectoneme diffusion by a pinning
mechanism. They occur for supercoiling densities and forces that are typically encountered for DNA in vivo,
and may be exploited for biological control of genomic processes.

properties of its strands, which can inuence biochemical processes involving its readout'. For example, loop

formation in the Lac operon® regulates the expression of key genes, and DNA supercoiling is correlated with
circadian rhythms in cyanobacteria®. Supercoiling is also important for large scale organisation of the genome in
both eukaryotic and prokaryotic cells. DNA can respond to torsional stress by writhing to form looped plecto-
neme structures®, thus transferring energy stored as twist into energy stored in bending. It can also form
denaturation bubbles which absorb undertwist at the cost of breaking bonds’. The rich mechanical properties
of DNA have been intensively studied by single-molecule techniques such as magnetic and optical tweezers**™"4,
and by theoretical techniques ranging from continuum models of DNA to atomistic simulations™*'>"',

Here, we study the interplay between plectonemes and bubbles using a recently developed model, 0cxXDNA***,
that treats nucleotides as rigid bodies with three interaction sites that mediate physically motivated attractive and
repulsive interactions. OxXDNA’s resolution allows us, in contrast to continuum models, to study denaturations
within supercoiled DNA. The model is also simple enough to explore the time and length scales relevant to
plectonemes, something currently beyond the purview of atomistic simulations. OXDNA has successfully cap-
tured a number of systems in which base pairs break and form, including nanotechnological devices* and
biophysical processes such as overstretching® and cruciform formation®, suggesting it is well suited for studying
writhing and denaturation in supercoiled DNA.

First, we test oxDNA by calculating canonical “hat-curves” for strand extension over a range of applied torsions
and forces similar to those used in single molecule assays**"** and found in vivo. Torsion is quantified using the
length-independent superhelical density o; ¢ = +(—)1 for one full positive (negative) imposed turn per pitch
length. We study a 600 base-pair (bp) duplex using an “average-base” parameterisation derived at 500 mM
NaCl**?. In this parameterisation, only AT and GC Watson-Crick base pairs can form, but interaction energies
are set to average values independent of base identity. Ignoring sequence-dependence allows us to focus first on
generic DNA behaviour®. Simulations are for one salt concentration, 500 mM NaCl, and further details are
described in Methods.

Fig. 1a shows that, at a fixed force, the extension L (here normalised by the maximum extension L,) does not
change appreciably as ¢ is increased from zero until a buckling transition occurs to a writhed plectonemic
structure at ¢ = 0;(F). As ¢ is increased beyond o;(F), the overall extension decreases linearly with ¢ because
the extra writhe is stored in the growing plectoneme. For F < 1 pN DNA strand extension is symmetric under ¢
— —o0. For F 2 2.5 pN however, increasing negative ¢ causes the formation of bubbles, leading to little or no
shortening of the strand. In all simulations, we observed at most one plectoneme, as is expected at high salt
concentration and short strand length'>"”. We show in SM Section II that oxDNA can accurately reproduce

B iological information is not only stored in the digital chemical sequence of DNA, but also in the mechanical
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Figure 1| Double strand response to torsion and tension: (a), “Hat-curves” show the mean relative extension of a 600-bp duplex against superhelical
density o for various applied forces F. Error bars indicate thermal fluctuations in the end-to-end distance, rather than sampling uncertainties.

(b), Mean fraction of plectonemes, bubbles and tip-bubble plectonemes, as a function of force for ¢ = —0.08. Inset: Fluctuations (standard deviation o7)
of end-to-end distances as a function of force for ¢ = —0.08 show two maxima, the first at the point when tip bubbles form in plectonemes, the second at
the transition from tip-bubble plectonemes to bubbles only. Results for L=1500 bp as well as for other values of ¢ can be found in Supplementary Material
(SM) Sections III and VII. (c), State diagram of structures. Tip-bubble regions indicate points with at least a 40% probability of a plectoneme with a tip

bubble.

experimental measurements of hat curves and torque res-
ponse”'"'*', giving confidence in the ability of the model to predict
the fundamental features of DNA under torsion and tension.

We now address the unresolved question of how the system tran-
sitions between the plectoneme-dominated and bubble-dominated
regimes. Instead of a simple transition between the two types of
conformations, we observe an intermediate “tip-bubble” regime
dominated by states with a co-localised bubble/plectoneme pair.
This novel regime can be seen in the population diagram Fig. 1b,
and in our overall schematic state-diagram shown in Fig. 1c. We now
explore these tip-bubble states in more detail.

At the plectoneme tip, the duplex axis inverts its direction. For low
forces, this is achieved by homogeneous bending. However, when

curvature becomes larger an alternative is for bending to be localised
at a kink defect involving a few broken base pairs, as recognised in
studies on DNA bending?®. Similarly, as the force is increased and the
plectoneme tip becomes more tightly wound, a transition to a tip-
bubble state can occur, as illustrated in Fig. 2a. Importantly, the
sharper bending at the kink allows the same amount of writhe to
be achieved by a smaller plectoneme, and thus the tip-bubble state is
stabilised by an increase in the extension AL along the force. For
negative supercoiling the tip bubble is also able to absorb some of the
negative twist, allowing the plectoneme to shrink further. The latter is
the reason why, although tip bubble formation is seen for positive
and negative supercoiling (Fig. 1¢) the transition occurs at a signifi-
cantly higher force for positive a.
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Figure 2 | Plectoneme tip-bubble regime: (a), The 600-bp plectoneme system for ¢ = —0.05 and F = 1.27 pN. Enlarged structures show the end loops
with and without denatured bases (coloured green). The formation of a 3-bp tip bubble leads to a smaller plectoneme, because the tip can bend more easily
and absorb extra undertwist, leading to an increased extension of the full strand by AL. (b), A free-energy landscape for ¢ = —0.08 and F = 1.5 pN. The
white line schematically shows the variation of the most likely plectoneme size with bubble size, illustrating the initial size reduction due to end-loop
kinking. (c), A free-energy landscape for ¢ = —0.08 and F = 2.3 pN illustrating how the growth of bubbles leads to shrinking of the plectoneme. Tip-
bubble plectonemes with small size (<40 bp) are hard to detect or distinguish from writhed bubbles and so are classed here as bubbles. See SM Section V
for further information on the free energy landscape of tip bubbles. (d), Plectoneme kinetics depicted by kymographs of the plectoneme boundaries
(green lines). Red denotes the centre of denatured base-pair stretches (bubbles), which pin the plectoneme and slow diffusion. The upper panel shows a
simulation at ¢ = —0.05 and F = 1.27 pN, from which the structures in (a) are taken. The lower panel shows a simulation for a fully pinned state at
positive supercoiling, ¢ = +0.08, F= 7.9 pN, exhibiting much slower effective diffusion. (e), Structure of a tip-bubble plectoneme at ¢ = —0.08 and F =
2.3 pN, posessing a 12-bp tip bubble and a 134-bp plectoneme. Denatured nucleotides are coloured green.
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For negative supercoiling and small forces around 1.0-1.5 pN,
end-loop kinks are stable against further bubble growth because
larger bubbles lead to a smaller contraction in plectoneme size per
disrupted base pair than the initial kink, as shown in Fig. 2b.
Therefore, further shrinking of the plectoneme does not compensate
for the breaking of additional bonds. At larger forces, the tip bubble
can grow to eliminate the plectoneme.

Fig. 2c shows a free-energy landscape in the vicinity of the trans-
ition from the tip-bubble regime to the bubble dominated regime.
The landscape is relatively flat along the diagonal, showing that
plectoneme size and bubble size can be easily interchanged, and that
states with both bubbles and plectonemes of intermediate size are
common. This tendency is even more evident in simulations of a
larger plectoneme (see SM Section III).

It is instructive to compare this tip-bubble scenario to what might
be expected if bubbles and plectonemes did not co-localize. The free-
energy landscape would then be bi-stable, with plectoneme and bub-
ble states separated by a substantial free-energy barrier due to the
significant nucleation costs of both>>'2. Such a scenario would lead to
a sharp transition as tension is increased. Previous work that
attempted to model the transition as a competition between bub-
ble-dominated and plectoneme-dominated regimes'*'*** has gen-
erally neglected the substantial nucleation costs of plectonemes
and bubbles. Including these contributions would make the theor-
etical transitions much sharper than those observed in experiment.
Due to the presence of tip bubbles, however, we find that each state
reduces the nucleation cost of the other; namely, bubble growth
occurs from the plectoneme tip, and the enhanced local bending
flexibility of a bubble allows the DNA to more easily writhe. This
scenario leads to a significantly broader transition, in better agree-
ment with available experimental data (see also SM section III).

Fig. 2d depicts plectoneme diffusion kymographs. When there is
no tip bubble, the plectoneme diffuses by reptation of the DNA
through the plectonemic structure. But when posessing a tip bubble,
plectonemes are effectively pinned because diffusion requires the
coupled motion of the plectoneme and the writhed bubble at its
tip. In the regime shown in the upper panel of Fig. 2d, tip bubbles
form about 34% of the time, while being almost always present in the
case shown in the lower panel.

To further quantify the dynamics of plectonemes we calculated
their diffusion coefficients (see also SM Section VI). Fig. 3a shows
diffusion coefficients for positive supercoiling. It is expected that
diffusion via reptation will slow down with increasing tension®, an

effect we observe by plotting the diffusion coefficient for configura-
tions with no tip bubble. However, Fig. 3b shows that the full dif-
fusion coefficient D.g exhibits a marked further decrease as the
fraction of time that the system is pinned increases. A reduction in
plectoneme diffusion with force for positive supercoiling was
observed in Ref. 12, although the experimental conditions do not
allow a direct comparison. We discuss these results in SM Section VI.

Bubble formation is highly sequence dependent®*. To explore the
role of sequence, we performed additional simulations at ¢ = —0.06
and F = 1.27 pN using a sequence-dependent parametrisation of
oxDNA for a fully random sequence with a GC content of 49%,
and a block-random sequence containing five 120 bp stretches with
a GC content alternating between 70% and 30% (average GC content
of 52%; see SM Section VIII for sequences). Even though the average
GC content is similar, tip bubble prevalence is 59% for the rando-
mised sequence and 72% for the block-random sequence, compared
to 19% for the average-base model. These differences occur because
bubbles can form more easily in weaker AT-rich regions. This effect
is also manifest in the hat-curves. The random sequence deviates
from the ¢ — —o symmetry at lower forces than the average-base
model does (see SM Section VIII).

Fig. 3c shows the distribution of plectoneme locations for the
random and block-random cases. Unlike the average-base model
(see SM Section VIII) both sequences show strong localisation of
plectonemes within AT-rich regions of the strand. Denaturations
in tip-bubble plectonemes possess an average AT-content of 84%
and 91% for the random and block-random sequences respectively.
Hence through tip bubbles, local sequence properties can inuence the
large-scale structure of DNA. At a typical negative ¢ found in vivo',
we estimate that tip bubbles will occur at F < 1 pN for physiological
conditions (SM section II), a force regime common in living cells. We
speculate that plectoneme localisation can be used by the cell to
regulate access to weak parts of the sequence, which are known to
be important in key biological processes, including transcription and
replication®. In this context it is interesting to note that RNA poly-
merase, an enzyme that binds to the disrupted duplex, localizes at
plectoneme tips** this would be expected if duplex disruption is
enhanced at these points.

In conclusion, we predict a conformational regime for DNA where
plectonemes and denaturation bubbles are co-localised. This beha-
viour follows from the basic physics of a semi-flexible polymer with
inherent chirality combined with nucleated denaturation and plec-
toneme formation. These are generic features of DNA under a range
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Figure 3 | Plectoneme diffusion and sequence-dependent localization: (a), Diffusion coefficients for plectonemes at positive ¢ as a function of stretching
force. o is chosen as in Ref. 12 such that approximately 25% of the strand length is in the plectonemic state on average. The diffusion constant Dy, for
unpinned plectonemes (green) is compared to the observed effective diffusion constant D (red). (b), Fraction of time plectonemes are found without a
tip bubble (blue) compared to the relative slowdown of diffusion Deg/Dypp, (magenta). The close agreement suggests that the slowing down of the
observed D¢ compared to Dy, is mainly due to pinning. (c), Position distribution of plectonemes at ¢ = —0.06 and F = 1.27 pN. Results are shown in
red for a random sequence, and in blue for a block-random sequence, as explained in the text. Plectoneme formation is suppressed near strand ends
because these are clamped. For each sequence, the upper part of the figure shows coloured positions for AT basepairs and white for CG basepairs.
Plectonemes in the tip-bubble regime strongly localize to AT-rich regions.
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of conditions, so our results are likely to be qualitatively robust. One
consequence of the tip-bubble state is a broad coexistence regime,
which has already been observed experimentally'*>'**. Others are the
accumulation of plectonemes in AT-rich parts of the DNA sequence,
and a slowdown of their diffusive movement. Experimental obser-
vation of plectoneme positioning in AT-rich regions may be achieved
with recently developed tools for the spatial resolution of plecto-
nemes'?, while direct observation of co-localisation of plectonemes
and bubbles may be possible by combining these tools with reporter
molecules to detect denaturation.

Methods

Simulations were performed using an Andersen-like thermostat™ at 300 K.
Trajectories were generated using a time step of 12.1 fs, and production runs were
started from pre-thermalized configurations and run for 5 X 10° time steps. During
simulations, ¢ was fixed to values in the range —0.1 = ¢ = +0.1 by trapping the
strand ends. Torsionally relaxed states were identified by demanding vanishing tor-
que I on the traps. A force Fwith 0.25 pN = F = 7.9 pN was applied to the molecule
ends; further details of the simulations are given in Section I of the Supplementary
Material (SM).

1. Wang, X,, Llopis, P. M. & Rudner, D. Z. Organization and segregation of bacterial
chromosomes. Nat. Rev. Genet. 14, 191-203 (2013).

2. Zhang, Y., McEwen, A. E,, Crothers, D. M. & Levene, S. D. Analysis of in-vivo
LacR-mediated gene repression based on the mechanics of DNA looping. PLoS
One 1, €136 (2006).

3. Vijayan, V., Zuzow, R. & O’Shea, E. K. Oscillations in supercoiling drive circadian
gene expression in cyanobacteria. Proc. Natl. Acad. Sci. USA 106, 2256422568
(2009).

4. Strick, T. R., Allemand, J. F., Bensimon, D., Bensimon, A. & Croquette, V. The
elasticity of a single supercoiled DNA molecule. Science 271, 1835-1837 (1996).

5. Fye, R. & Benham, C. Exact method for numerically analyzing a model of local
denaturation in superhelically stressed DNA. Phys. Rev. E 59 (1999).

6. Forth, S. et al. Abrupt buckling transition observed during the plectoneme
formation of individual DNA molecules. Phys. Rev. Lett. 100, 148301 (2008).

7. Kapanidis, A. N. & Strick, T. R. Biology, one molecule at a time. Trends Biochem.
Sci. 34, 234-243 (2009).

8. Mosconi, F., Allemand, J. F., Bensimon, D. & Croquette, V. Measurement of the
torque on a single stretched and twisted DNA using magnetic tweezers. Phys. Rev.
Lett. 102, 078301 (2009).

9. Brutzer, H., Luzzietti, N., Klaue, D. & Seidel, R. Energetics at the DNA

supercoiling transition. Biophys. J. 98, 1267-1276 (2010).

. Schépflin, R, Brutzer, H., Miiller, O., Seidel, R. & Wedemann, G. Probing the
elasticity of DNA on short length scales by modeling supercoiling under tension.
Biophys. J. 103, 323-330 (2012).

. Janssen, X. J. A. et al. Electromagnetic torque tweezers: a versatile approach for
measurement of single-molecule twist and torque. Nano Lett. 12, 3634-3639
(2012).

12. van Loenhout, M. T. J., de Grunt, M. V. & Dekker, C. Dynamics of DNA

supercoils. Science 338, 94-97 (2012).

13. Salerno, D. et al. Single-molecule study of the DNA denaturation phase transition
in the force-torsion space. Phys. Rev. Lett. 109, 118303 (2012).

14. Tempestini, A. et al. Magnetic tweezers measurements of the nanomechanical
stability of DNA against denaturation at various conditions of pH and ionic
strength. Nucleic Acids Res. 41, 2009-2019 (2013).

15. Marko, J. F. & Neukirch, S. Competition between curls and plectonemes near the

buckling transition of stretched supercoiled DNA. Phys. Rev. E 85,011908 (2012).

. Daniels, B. C. & Sethna, J. P. Nucleation at the DNA supercoiling transition. Phys.
Rev. E 83, 041924 (2011).

17. Emanuel, M., Lanzani, G. & Schiessel, H. Multi-plectoneme phase of double-

stranded DNA under torsion. Phys. Rev. E 88, 022706-1-20 (2013).

18. Klenin, K. V., Vologodskii, A. V., Anshelevich, V. V., Dykhne, A. M. & Frank-
Kamenetskii, M. D. Computer simulation of DNA supercoiling. J. Mol. Biol. 217,
413-419 (1991).

1

f=}

1

—

1

(=2}

19. Vologodskii, A. V., Levene, S. D., Klenin, K. V., Frank-Kamenetskii, M. &
Cozzarelli, N. R. Conformational and thermodynamic properties of supercoiled
DNA. J. Mol. Biol. 227, 1224-1243 (1992).

Mitchell, J. S., Laughton, C. A. & Harris, S. A. Atomistic simulations reveal

bubbles, kinks and wrinkles in supercoiled DNA. Nucleic Acids Res. 39,

3928-3938 (2011).

. Mielke, S. P., Gronbech-Jensen, N., Krishnan, V. V., Fink, W. H. & Benham, C. J.
Brownian dynamics simulations of sequence-dependent duplex denaturation in
dynamically superhelical DNA. J. Chem. Phys. 123, 124911 (2005).

22. Ouldridge, T. E., Louis, A. A. & Doye, J. P. K. Structural, mechanical, and
thermodynamic properties of a coarse-grained DNA model. J. Chem. Phys. 134,
085101 (2011).

. Sulc, P. et al. Sequence-dependent thermodynamics of a coarse-grained DNA
model. J. Chem. Phys. 137, 135101 (2012).

24. Doye, J. P. K. et al. Coarse-graining DNA for simulations of DNA

nanotechnology. Phys. Chem. Chem. Phys. 15, 20395-20414 (2013).

25. Romano, F., Chakraborty, D., Doye, J. P. K., Ouldridge, T. E. & Louis, A. A.
Coarse-grained simulations of DNA overstretching. J. Chem. Phys. 138, 085101
(2013).

26. Matek, C., Ouldridge, T. E., Levy, A., Doye, J. P. K. & Louis, A. A. DNA cruciform
arms nucleate through a correlated but asynchronous cooperative mechanism.
J. Phys. Chem. B 116, 11616-11625 (2012).

27. Russo, J., Tartaglia, P. & Sciortino, F. Reversible gels of patchy particles: role of the
valence. J. Chem. Phys. 131, 014504 (2009).

28. Vologodskii, A. & Frank-Kamenetskii, M. D. Strong bending of the DNA double
helix. Nucleic Acids Res. 41, 6785-6792 (2013).

29. Meng, H., Bosman, J., van der Heijden, T. & van Noort, J. Coexistence of twisted,
plectonemic, and melted DNA in small topological domains. Biophys. J. 106,
1174-1181 (2014).

30. de Gennes, P. G. Tight knots. Macromolecules 17, 703-704 (1984).

31. Alberts, B. et al. Molecular Biology of the Cell. (Taylor & Francis, 2007), 5th edn.

32. ten Heggeler-Bordier, B., Wahli, W., Adrian, M., Stasiak, A. & Dubochet, J. The
apical localisation of transcribing RNA polymerases on supercoiled DNA
prevents their rotation around the template. EMBO J. 11, 667-672 (1992).

2l

=

2

—

2

W

Acknowledgments

We wish to thank Flavio Romano and Lorenzo Rovigatti for technical support, and Vincent
Croquette and John Marko for stimulating discussions. The authors are grateful to the
Engineering and Physical Sciences Research Council. C.M. acknowledges financial and
material support from German Academic Exchange Service (DAAD) and Studienstiftung
des deutschen Volkes. T.E.O. acknowledges funding from University College, Oxford.

Author contributions

CM,, T.EO,, J.P.K.D. and A.A.L. designed the research. C.M. performed the simulations
and the data analysis. CM., T.E.O., ].P.K.D. and A.A L. contributed to the interpretation of
the results and to the writing of the paper.

Additional information
Supplementary information accompanies this paper at http://www.nature.com/
scientificreports

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Matek, C., Ouldridge, T.E., Doye, ].P.K. & Louis, A.A. Plectoneme
tip bubbles: Coupled denaturation and writhing in supercoiled DNA. Sci. Rep. 5, 7655;
DOI:10.1038/srep07655 (2015).

This work is licensed under a Creative Commons Attribution 4.0 International
ov License. The images or other third party material in this article are included in the
article’s Creative Commons license, unless indicated otherwise in the credit line; if
the material is not included under the Creative Commons license, users will need
to obtain permission from the license holder in order to reproduce the material. To
view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

| 5:7655 | DOI: 10.1038/srep07655


http://www.nature.com/scientificreports
http://www.nature.com/scientificreports
http://creativecommons.org/licenses/by/4.0/

	Title
	Figure 1 Double strand response to torsion and tension:
	Figure 2 Plectoneme tip-bubble regime:
	Figure 3 Plectoneme diffusion and sequence-dependent localization:
	References

