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Abstract
Quantitative analysis of single molecule experiments show that adding either of two natural
polyamines, spermine or spermidine, produced more compact plectonemes in DNA in
physiological concentrations of monovalent salt. They also promoted plectoneme formation at
lower values of torsion in measurements of extension versus twist. Quantifying changes in the
plectonemic DNA using some results from simple rod models suggested that exposure to
polyamines reduced the radii and increased the densities of plectonemes. Thus, polyamines may
limit the twist density by favoring writhe which maintains the B-form. Although polymerases may
significantly stretch the double helix, denature DNA, and produce twist instead of writhe, natural
polyamines stabilize base-pairing, limit twist to maintain the B-form, and promote supercoiling,
which is conducive to replication and transcription and essential for DNA packaging.
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INTRODUCTION
Polyamines are organic compounds having more than one amino group (NH2). They are
synthesized in living cells via highly regulated pathways and are known to regulate cell
growth, gene transcription and activation of DNA synthesis 1. High levels of polyamines are
associated with certain cancers 2. Furthermore, increased polyamine levels can be diagnostic
markers of drug resistance in oncological treatment3. How polyamines act in cellular
metabolism to regulate normal or cancerous growth is not entirely understood nor are the
structural changes in deoxyribonucleic acid (DNA) caused by polyamines in physiologically
relevant conditions.

Inside living cells, DNA is compacted in hierarchical topological structures. Plectonemic,
negative supercoils (extruded intertwined loops) form the basis of this compaction in live
cells. Plectonemes depend on the topological parameters, writhe and twist, and also play
crucial roles in the regulation of DNA transcription and replication5. For instance bacterial
plasmids are negatively supercoiled4, which is known to favor local denaturation of DNA
near replication origins and transcriptional promoters where polymerases must gain access
to the coding strand within a double-stranded DNA molecule (dsDNA)5. Positive
supercoiling interferes with mRNA synthesis, arresting the progress of RNA polymerase
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complexes6. Clearly, DNA supercoiling and its regulation fundamentally impacts cellular
functions.

Not surprisingly therefore, a family of enzymes, the topoisomerases, can regulate DNA
supercoiling. For example, in bacteria, topoisomerase I relaxes negative supercoils by
catalyzing torsion-driven rotation of one single DNA strand about the other in a dsDNA
segment, and gyrase catalyzes passage of one dsDNA segment through another to introduce
negative and relax positive supercoils5. Topoisomerases are prominent regulators of DNA
supercoiling, but their activity might be strongly modulated by small molecules like
polyamines that alter the mechanical properties of DNA.

Numerous experiments suggest that polyamines stabilize the right-handed, B-form double
helix7, protect it from radiation and oxidation8, 9 and compact and even aggregate DNA in
low salt buffers10, 11. The multiple positively charged amine groups can certainly interact
electrostatically with the negatively charged phosphates of DNA. However, recent infrared
spectroscopy data indicate that natural polyamines can bind in the major and minor grooves
of DNA to interact with the DNA bases as well12. Spermidine, which has three amine
groups, and spermine, which has four (see Fig. 1), bind to the major and minor grooves of
DNA12, 13 and are the two most important naturally occurring polyamines in mammals14.
However, little is known about how these two polyamines affect DNA supercoiling in
physiological concentrations of monovalent salt.

It has been shown that the presence of spermine and spermidine can enhance the
transcription rate despite high levels of positive supercoiling by changing the physical
properties of supercoiled DNA15. Moreover, the presence of polyamines inhibited
topoisomerase I-catalyzed relaxation of negative supercoils perhaps by stabilization of the
DNA double helix15. Both the increase of positive supercoiling during transcription and the
inhibition of topoisomerase I were observed with sub-millimolar spermine or millimolar
spermidine concentrations, which are physiological14. Systematic regulation of the
concentrations of polyamines1 may be a primary mechanism by which a cell regulates DNA
supercoiling and its related enzyme activities and cellular processes. Nevertheless, only
qualitative explanations have been proposed for these effects15, and there are no quantitative
measures of how polyamines alter DNA supercoils.

Previously, single-molecule experiments were performed to investigate DNA compaction as
a function of tension16 and twist17 at various polyamine concentrations in buffers containing
sub-physiological concentrations of monovalent salt. More specifically, those experiments
measured the tensions generated by compaction, which were found to be as high as 3 and 4
pN for spermidine and spermine, respectively. Those data were gathered by measuring the
maximum level of tension at which single, torsionally constrained DNA molecules suddenly
shortened (into compact forms). The compaction depended on polyamine concentrations,
and free energies were reported to be −0.2 kT/base pair for spermidine and −0.33 kT/base
pair for spermine.

At higher levels of monovalent salt, DNA molecules are less likely to compact. Indeed high
concentrations of KCl prevent DNA aggregation and catenation by enzymes18. The
following data were recorded for single DNA molecules in 200 mM KCl to avoid
compaction and allow analysis of the structure of plectonemic DNA over a low range of
tensions. Magnetic tweezers were used to twist and stretch single DNA molecules at various
physiological concentrations of the two polyamines. The observations suggest that
polyamines stabilize the double stranded, B-form of DNA and promote plectoneme
formation. An analysis of the data using some key results from simple elastic rod theories
indicated that both spermine and spermidine changed the form of the supercoiled DNA
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producing more tightly wrapped plectonemes. An order of magnitude less tetravalent
spermine produced the same degree of wrapping as the trivalent spermidine.

MATERIAL AND METHODS
Plasmid pDL231719 was used as a polymerase chain reaction (PCR) template to produce a
linear, 3215 base-pair (bp) DNA fragment using the primer pair
5′TAATACGACTCACTATAGGG and 5′TATGCCCGAGAAGATGTT. The amplicon
was digested with Bam HI and Xba I to give a final 3096 bp fragment. Biotin- or
digoxigenin-labeled fragments approximately 1000 bp were created using PCR with the
plasmid pDL1051 (D.A. Lewis, NIH) as a template and the primer pairs 5′-
TGTATGGAACAACGCATAAC and 5′-TCCAAACTGGAACAACAC or 5′-
AAGGTAACTGGCTTCAGC and 5′-TTATTGTCTCATGAGCGG to incorporate about
5% biotin- or digoxigenin-labeled dUTP. These fragments were digested with BamHI or
XbaI to generate complementary ends for ligation to the main DNA fragment20. The ligated
construct was attached at one end to the anti-digoxigenin-coated glass surface of a flow-
chamber and at the other end to a 2.8 μm streptavidin-coated, super-paramagnetic bead
(Invitrogen, Carlsbad, CA, USA) (Figure 2). The DNA had multiple attachments at both
ends to prevent torsional relaxation. Note that the biotin- and digoxigenin-labeled DNA ends
form multiple attachments to the streptavidin-coated bead and anti-digoxigenin-coated glass,
so that the free tether length is the unlabeled, 3096 bp main fragment.

The DNA was incubated in λ buffer, consisting of 10 mM Tis-HCl (pH 7.4), 200 mM KCl,
5% dimethyl sulfoxide (DMSO), 0.1 mM ethylenediaminetetraacetic acid (EDTA), and 0.2
mM dithiothreitol (DTT)),21 with the indicated concentrations of polyamines. Flow
chambers of approximately 50 μl were assembled from slides using a continuous bead of
silicon grease to form the walls of the chamber before sealing with a coverslip. Spermine
was diluted in 200 μl λ buffer to final concentrations of 0, 0.2, 0.5, 0.7, 1 and 2 mM, and
spermidine to final concentrations of 0, 1, 2, 5 and 10 mM. Working solutions containing
high concentrations of spermine (> 0.5mM) and spermidine (> 2mM) were vortexed before
use to dissolve fine particles.

At several polyamine concentrations, magnetic tweezers (MT) were used to stretch and twist
the DNA tethers. Tension was varied by changing the separation between the DNA-tethered
beads and a pair of neodymium magnets mounted above the microscope stage. Rotation of
the magnets caused the oriented, para-magnetic beads to rotate and twist the attached DNA
tethers (Fig. 2). Extension versus twist data was recorded at tensions of 0.2, 0.6, and 1.0 pN
for several concentrations of spermine and spermidine.

The contour length of tethered DNA under high tension (about 6 pN) agreed well with that
predicted from the number of base pairs in the unlabeled fragment. Molecules were
stretched and relaxed twice as the force varied from 0.02 to 4 pN and their lengths were
recorded. Also, DNA tethers under 0.2, 0.6, and 1 pN of tension were unwound to −10%
supercoiling density (σ) (−30 turns for 3kbp DNA), rewound to +10% and unwound back to
0 in steps of 3 turns while recording the tether length.

Data were acquired at a rate of 20 frames/second and analyzed to determine the extension, l
= <z>, of the DNA molecule with an error of about 10 nm with 10 sec averaging using
video-rate, three-dimensional tracking of the bead22. Measuring the horizontal excursions of
the bead <Δx2> allowed the tension in the molecule to be determined via the equipartition
theorem, F = kBTl/<Δx2>, with 10% accuracy. Mechanical drift in the data was eliminated
using differential tracking of a second bead stuck on the surface. The data were analyzed to
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determine the probable dimensions of the plectonemes as described (see also appendix I of
the supplementary information).

RESULTS AND ANALYSIS
Figure 3 shows the DNA extension, z, normalized by the contour length, L, versus twist for
a representative DNA tether at various physiological concentrations of spermine (left panels)
or spermidine (right panels). The twist has also been normalized and reported as the
“supercoiling density”, σ = (Lk − Lk0)/Lk0 = n/Lk0, where Lk0 is the number of the right-
handed helical turns in the torsion-free, B-form dsDNA, and n is the number of
mechanically added twists. The effects of polyamines on DNA extension versus twist were
investigated at three different tensions (Fig. 3), 0.2 (upper), 0.6 (middle) and 1.0 pN (lower).
The blue curves represent the DNA without polyamine.

At all tensions, the extension of slightly over-twisted DNA changed very little initially but
then contracted sharply beyond a threshold value of twist as the filament “buckled” and
formed plectonemes at a critical value of twist, nb. Such buckling has been observed
previously in single-molecule experiments with DNA23–25 and modeled and simulated using
rod mechanics23, 26. Beyond a threshold value of additional twist, the extension decreased
linearly as more and more of the DNA shifted to the plectonemic form.

For 0.2 pN of tension, the extension decreased as a function of either positive or negative
supercoiling for control DNA (blue in Fig. 3 top panel) due to the formation of plectonemes.
An intermediate tension of 0.6 pN hindered plectoneme formation in unwound molecules.
This gentler decrease of the extension upon unwinding corresponded to partitioning between
plectoneme formation and some other form of the DNA helix27. Indeed, at a tension of 1
pN, the extension remained constant for negative values of σ, indicating that perhaps
plectonemes did not form at all. It is known that under high tension, unwinding partially
melts the double helix28 or favors a transition to some other helical form29. However well-
defined models of DNA under these conditions are still under development. As a result, only
plectonemes formed by positively twisted DNA will be analyzed quantitatively with rod
theory in this paper.

Once a plectoneme nucleates in response to positive supercoiling and is sufficiently large, it
has been shown from simple rod theories30, 31 that any additional twist is almost completely
absorbed as writhe, keeping the torque constant. Thus, over-twisting drives a phase change
to a plectonemic form, and a steadily increasing fraction of the DNA adopts the plectonemic
phase at a constant torque. The slope of extension versus twist curve reveals the DNA length
per writhe in the plectoneme, where more gradual slopes indicate shorter lengths of DNA
per writhe, and hence plectonemes of smaller gyres.

Polyamines were found to alter the slope of the extension versus supercoiling density curves
for positive σ and presumably the plectoneme structure. Three different effects of
polyamines on DNA supercoiling behavior were observed and are described in the following
sections.

Spermine and spermidine stabilize B-DNA structure and increase plectoneme formation
for negative supercoiling

Spermine and spermidine stabilized the B-form as DNA was unwound at 0.6 pN of tension
(middle panels of Fig. 3). When a dsDNA tether is unwound, contraction of the molecule at
low tension (0.2 pN) corresponds to the formation of plectoneme(s) as a fraction of the
added linking number is absorbed as writhe. However, at higher tension, the torsional stress
might disrupt B-DNA and induce the formation of a left-handed winding of unpaired
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filaments32. Increasing the spermine or spermidine concentration increased the extent of
contraction versus unwinding at 0.6 pN, apparently stabilizing the B-form DNA and shifting
this torsional equilibrium toward plectoneme formation.

Figure 4 quantitatively summarizes these results in plots of the average magnitude of the
slope of the extension versus unwinding data for all the three tensions as a function of
increasing concentrations up to 2 mM spermine (left) and 10 mM spermidine (right). At 1
pN, the near-zero slope does not change, because the tension is high enough to oppose any
plectoneme formation. Instead at 0.6 pN, increased polyamine concentrations increased the
magnitude of the slope indicating more extensive plectoneme formation. At lower tension
(0.2 pN), the curves are symmetric even without polyamines. However, note that the slope
of the extension versus unwinding curves decreases with increasing polyamine
concentrations. This was interpreted as evidence of more compact plectonemes as described
below for positive supercoiling.

Spermine and spermidine promote plectoneme formation for positive supercoiling
The two polyamines also promote the formation of plectonemes in overwound DNA
molecules as shown in Fig. 3, in which they began to form at lower levels of twist as the
polyamine concentrations were increased.

This effect was particularly obvious at higher tensions, 0.6 and 1 pN, and the supercoiling
density at which writhe initially reduced the extension of the DNA tether is shown as a
function of increasing spermine and spermidine in Fig. 5. Large fluctuations of the DNA
extension obscured this effect at 0.2 pN of tension. A convenient framework with which to
visualize this behavior is to contrast the torsional and flexural stiffness of two rods. If the
rods have the same torsional but different flexural stiffness, the more flexible rod will
exhibit more writhe at any level of tension to minimize conformational energy. Electrostatic
softening of DNA by multivalent cations is well described for polyamine-DNA interactions,
but these data indicate that polyamines differentially alter torsional and flexural
characteristics of DNA.

Spermine and spermidine shrink plectonemic supercoils
Once over-twisted DNA begins to writhe, additional torque is absorbed as writhe and the
extension decreases linearly as a function of twist as can be seen in Fig. 3. Figure 6 shows
the average magnitude of the slope of these extensions versus twist curves as a function of
spermine or spermidine concentration. For all three values of tension, 0.2, 0.6, and 1 pN, the
slope decreased with increasing polyamine concentration and somewhat asymptotically
approached a constant value. Since the magnitude of the slope indicates the length of DNA
consumed in each plectoneme, a lesser slope corresponds to smaller plectonemic gyres.
Thus polyamines appeared to promote tightly wrapped plectonemes.

In Fig. 6 it is also clear that the size of plectonemes decreased as tension was increased. At
all concentrations the slope of the extension versus twist curves varied inversely with
tension. However, the more tightly wrapped plectonemes due to the polyamines were most
pronounced at low tension. In order to analyze this plectonemic contraction quantitatively,
the writhe density was derived from the slope as described below.

Quantitative analysis of plectonemes
In order to understand how spermine and spermidine affected the topological features of the
plectonemic phase in overwound DNA, the writhe per helical turn was determined as a
function of increasing polyamine concentrations at 0.6 and 1.0 pN tensions. The plectonemic
phase was assumed to consist of two identical, intertwined duplexes with uniform radius, R,
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and uniform helical angle30, 31, α, and the end loop was ignored30. Furthermore, externally
applied twist was assumed to completely convert into writhe, Wr, leaving the torque on the
molecule and the size of the plectonemes unchanged24 as new ones were generated. With
these assumptions, the writhe density in the plectonemic phase was derived (see Appendix 1

of supplementary information) and found to be inversely proportional to the slope  as
follows:

[1]

where z is the extension normalized by the contour length, L, of the DNA, σ is the number
of turns, n, added to DNA normalized by the stress-free linking number Lk0, lp is the length
of DNA absorbed into plectonemic phase, Wr is the writhe, and ρth is a contraction factor
due to thermal fluctuations that were assumed to occur predominantly in the stretched phase
of DNA. This contraction factor ρth was approximated using the Moroz and Nelson
approximation for a twisted, fluctuating filament34 under tensions greater than 0.5 pN as
follows:

[2]

in which,

[3]

is the torque exerted by the twisted DNA on the bead, Kb is the bending stiffness, F, is
tension, kB is the Boltzmann constant, and T is the absolute room temperature. Note that as
plectonemes form, the torque, M3(cr), on the molecule remains constant at a value that
depends only on the tension and the bending stiffness.

In order to complete the calculation of ρth, and hence of the writhe density, the bending
stiffness was calculated using Kb = kBTPl, for which the bending persistence length, Pl, was
determined by fitting the worm-like chain expression34–36 to extension versus force data for
torsionally relaxed DNA.

[4]

Figure 7 shows the persistence length, which is proportional to the effective bending
stiffness, as a function of polyamine concentration. There were no significant changes in the
bending persistence length as a function of polyamine concentration in 200 mM KCl. Such
invariance is similar to that of persistence lengths previously reported for DNA in 100 mM
NaCl which did not change significantly upon addition of 10 mM magnesium37. Both data
sets differ from those of Bauman et al. in which millimolar concentrations of multivalent
cations in approximately 2 mM NaCl greatly reduced the persistence length of DNA10. The
concentration of monovalent salt certainly changes the electrostatic screening environment,
but in the case of polyamines, any potential increased flexibility due to charge neutralization
by polyamines may also be opposed by polyamine linkages between the two phosphate
backbones and the placement of exogenous amines in the minor groove that tend to
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structurally stiffen the DNA38, 39. Solving Equations [1–4] allowed determinations of the
writhe per helical turn as a function of polyamine concentration as shown in Fig. 8.

DISCUSSION
Polyamines are thought to stabilize DNA duplexes, especially AT-rich regions, to prevent
their denaturation in response to negative twist. The experiments described above clearly
demonstrate that both spermine and spermidine promoted writhe in unwound DNA. Crystal
structures and infrared spectra of polyamine-DNA complexes12, 40 show that spermine and
spermidine molecules can form hydrogen bonds with bases from opposite strands of DNA
duplex. This might reduce denaturation and produce writhe instead of unwinding DNA.

Alternatively to denaturation, negative twist can trigger a right- to left-hand helical
transition. Increased unwinding is known to convert small GC repeat DNA insert (about 23
bp) to left-handed Z-DNA at high NaCl concentrations (> 0.7 M)41. Indeed, spermine and
spermidine have been shown to induce Z-DNA formation not only in synthetic GC repeat
DNA fragment42, 43 but also in calf thymus DNA44. However, investigations using
torsionally constrained plasmids (σ = −0.033) without a synthetic GC repeat insert showed
that spermine and spermidine were unable to induce the B- to Z-DNA transition45. In the
experiments described here, the low tension and degree of unwinding were unlikely to
trigger the formation of left-handed DNA 29, and the reduced extensions produced in
slightly unwound (less than 1%) DNA were interpreted as plectonemes of right-handed
duplexes. Raman and energy minimization studies indicate that spermine and spermidine
bind along major and minor grooves of DNA duplex respectively13, 46, and therefore might
stabilize the major and minor grooves of B-DNA to favor such writhing in the underwound
DNA molecule (Fig. 3).

The effect on over-wound DNA appears to be more subtle. Spermine and spermidine
promoted plectoneme formation at lower levels of twist. Once over-wound DNA begins to
form plectonemes, the torque and therefore twist per unit length remain constant24.
Thereafter plectonemes steadily grow to compensate for further increases in linking number.
In the experiments reported here, polyamines increased the writhe density as much as 10%
and promoted a commensurate decrease in twist density. A corollary to this idea is that by
promoting the formation of compact plectonemes, polyamines tend to decrease the twist
density in DNA. Such crowding of writhe to relax twist is a subtle but distinct variation of
the conservation of linking number described by the Calugareanu-White-Fuller equation that
might be tested as described in Appendix 2 of the supplementary information.

To investigate further the shrinking of plectonemes, if the helical angle is known, one can
calculate the radius, R, of the helical plectoneme from the writhe formula of a helix as
follows:

[5]

The helical angle can be computed from the elastic rod models that account for electrostatic
interactions. The computed helical angles are sensitive to the type of model for electrostatic
screening31. However, we note that employing either the Ubbink and Odijk approximation
of a Poisson-Boltzmann model47 or the Ray and Manning approximation48 of counterion
condensation theory49 in the simplistic rod model, the helical angle increases with the
tension converging to approximately π/6 for tensions in the range of 0.6 pN and above33.
Therefore, assuming a helical angle α≈π/6, Eq. [5] produces a rough estimate of how R may
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change as a function of the polyamine concentration. The trend is shown in Fig. 9 and the
radius was found to shrink substantially as polyamine concentrations increased. Plectoneme
formation forces helices into proximity which will increase the binding constant of
spermidine and spermine. Enough ions may bind to substantially decrease the repulsion at
the distances estimated for the radius of the superhelix (Fig. 9). The accuracy of these results
relies on the formation of a uniform helix, which has been analyzed in a simplistic
framework for a rod model and appears to be justified30, 31.

While electrostatic neutralization of phosphate repulsions, which would promote more
tightly wrapped plectonemes, is a widely accepted phenomenon, a constant helical angle in
the plectonemic gyres was assumed for the estimates in Fig. 9. Yet an increase of the helical
angle above a threshold polyamine concentration due to repulsions between DNA-bound
polyamines, or a drop in the helical angle in response to increasing polyamine concentration
due to phosphate charge neutralization are plausible. Nevertheless, since Eq. [5] indicates
that the radius of the plectoneme is a direct function of the helical angle, and the radius
decreases as polyamine concentration increases in Fig. 9, the radius is likely to be a
decreasing function of polyamine concentration.

A more robust description of plectonemic shape will require a model that can dynamically
simulate the formation of plectonemes including electrostatic interaction50 and non-
homogeneity51 along with accurate modeling of the stress-strain relationship that governs
the bending and twisting deformations of DNA as discussed previously52. In general,
nonlinear coupling between bending, twisting, and stretching may influence not only
plectonemic shapes, but also the buckling of DNA. While the effects of twist-stretch
coupling on the buckling and non-uniform twist distribution have been explored53, this
coupling and these models need to be systematically developed for application to magnetic
tweezer data.

Broadly speaking, polyamines torsionally stiffened either under- or overwound DNA to
promote the formation of plectonemes. The fact that polyamines attenuate distortions of
helical DNA is likely to be very significant biologically. DNA motor enzymes can produce
considerable topological stress in DNA molecules as a result of transcription, replication,
and during packaging reactions54. Tuning polyamine levels could limit helical distortions to
maintain the binding capacity of proteins that interact with DNA molecules in critical
cellular processes. The fact that the levels of polyamines vary and are highly regulated,
especially during the cell cycle, may reflect the importance of this regulatory mechanism in
living organisms55.

CONCLUSION
In these experiments, both spermine and spermidine stabilized the right-handed, double-
stranded B-form of DNA to promote plectoneme formation in both under- and over-wound
molecules. Calculations quantitatively revealed increasingly tightly wrapped plectonemes
formed by over-winding at physiological concentrations of the two polyamines which
differed by a factor of ten. This likely derives from the electrostatic basis of their
interactions with DNA and reflects the tetra- and trivalency of the spermine and spermidine
cations respectively. The data are consistent with the idea that these two natural polyamines
“groom” DNA to limit the twist density and maintain the B-form, despite powerful enzymes
that can distort the B-form double helix and produce large topological changes. This would
preserve binding by DNA proteins that recognize the B-form, and promote writhe which is
critical for DNA packaging.
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Figure 1.
Structure of spermidine (top) and spermine (bottom). The basic amino (NH2) groups attract
protons at physiological pH to become positively charged.

Shao et al. Page 11

Macromolecules. Author manuscript; available in PMC 2013 April 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Stretching and twisting DNA with magnetic tweezers. Magnetic tweezers (left) can be used
to stretch (upper middle) and twist (lower middle) single DNA molecules tethering para-
magnetic beads to a glass surface. Systematically varying the separation between the
magnets and the tethered bead generates a range of tensions as shown in a representative
force vs. extension curve for a single DNA molecule (upper right). The red curve is a worm-
like-chain fit to the data. Rotating the magnets to twist the DNA tether produces extension
vs. twist curves for a DNA molecule at different tensions (lower right), from top to bottom:
1, 0.6, and 0.2 pN.
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Figure 3.
DNA extension vs. supercoiling density as a function of spermine (left) or spermidine (right)
concentrations at 0.2 (upper), 0.6 (middle), and 1 pN (lower) of tension. “Knee-points” are
encircled. The inset emphasizes the change in slope due to added spermidine. Typical
measurement errors are shown in supplementary information on a copy of the curves for 0.6
pN with added spermine.
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Figure 4.
Average slope (dz/dσ, dimensionless) of the DNA extension vs. twist in Fig. 3 for under-
wound DNA as a function of spermine (left) or spermidine (right) concentrations at 0.2, 0.6,
and 1 pN of tension. Error bars represent standard deviations.
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Figure 5.
Twist values σ at which writhe first appeared in over-twisted DNA as a function of spermine
(left) or spermidine (right) concentrations at 0.6 and 1 pN of tension. The σ values were
defined using the linear extrapolation of extension vs. σ curves33. Error bars represent
standard deviations.
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Figure 6.
Average magnitude of the slope (dz/dσ, dimensionless) of DNA extension vs. twist for
positively supercoiled DNA as a function of spermine (left) or spermidine (right)
concentrations at 0.2, 0.6, and 1 pN of tension. Error bars represent standard deviations.
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Figure 7.
Average persistence length for eight DNA tethers at different spermine (left) or spermidine
(left) concentrations. Polyamines did not significantly affect the bending stiffness of DNA.
Error bars represent standard deviations.
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Figure 8.
Effect of spermine (left) or spermidine (right) concentrations on the writhe density in the
plectonemic phase at 0.6 and 1 pN of tension. The increase in writhe density is a quantitive
measure of plectoneme shrinking. Error bars represent standard deviations. Note that the
model is valid for small fluctuations at tensions above 0.5 pN.
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Figure 9.
Radius of the helical plectoneme as a function of spermine (left) or spermidine (right)
concentrations at 0.6 and 1 pN of tension. The radii of plectonemes decreased substantially
as the polyamine concentration was increased, especially at low tension.
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