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Article

Interference between Triplex and Protein Binding to
Distal Sites on Supercoiled DNA

Agnes Noy,1 Anthony Maxwell,2 and Sarah A. Harris3,4,*
1Department of Physics, Biological Physical Sciences Institute, University of York, York, United Kingdom; 2Department of Biological Chemistry,
John Innes Centre Norwich Research Park, Norwich, United Kingdom; 3School of Physics and Astronomy and 4Astbury Centre for Structural
and Molecular Biology, University of Leeds, Leeds, United Kingdom

ABSTRACT We have explored the interdependence of the binding of a DNA triplex and a repressor protein to distal recognition

sites on supercoiled DNA minicircles using MD simulations. We observe that the interaction between the two ligands through

their influence on their DNA template is determined by a subtle interplay of DNA mechanics and electrostatics, that the changes

in flexibility induced by ligand binding play an important role and that supercoiling can instigate additional ligand-DNA contacts

that would not be possible in simple linear DNA sequences.

INTRODUCTION

While the structural information available for protein-DNA

interactions at the atomistic level has mostly been obtained

for linear short DNA fragments, in vivo protein-DNA inter-

actions occur in a variety of complex structural topologies

like DNA loops or hierarchical chromatin. One of the

most ancient and elemental cellular strategies to organize

genomes structurally is DNA supercoiling (1). The over-

or underwinding of DNA emerges from several cellular pro-

cesses that induce torsional stress either by sequentially

separating the two strands (transcription and replication)

(2) or by wrapping DNA around proteins (such as in the

nucleosome (3) and by interaction with DNA gyrase

(4,5)). The latter, together with the use of ATP, usually serve

to maintain an homeostatically underwound state in eukary-

otes (6) and prokaryotes (7), respectively. Recently, it has

been shown that, in eukaryotes, different levels of superhe-

lical stress can be restrained on chromatin fibers depending

upon the precise organization of the nucleosome units (6,8).

The relaxed twist of an unconstrained double-stranded

DNA helix is characterized by its default linking number

(Lk0), which is the number of times one strand of the double

helix is wrapped around the other. This is equivalent to the

helical twist (Tw), or to the number of basepairs divided by

the helical repeat. However, when DNA is over- or under-

wound and topologically constrained, the resultant torsional

stress is relieved either by 1) the introduction of writhe (Wr),

which is the coiling of the DNA helix around itself, or 2) by

changes in the molecular helical twist (Tw). In this case, the

total Lk of the fragment, which has been shifted away from

Lk0 (DLk¼ Lk� Lk0), is distributed between Tw andWr ac-

cording to the topological condition that Lk¼ TwþWr. The

superhelical density (s), which is the normalization of DLk

(s ¼ DLk/Lk0), is the parameter used to quantify the degree

of supercoiling within the DNA (9). In prokaryotes, levels of

supercoiling are ~s ¼ �0.06 to s ¼ �0.075 (7) and, in eu-

karyotes, supercoiling levels between s ¼ �0.09 and �0.06

have been detected, depending on the specific organization

of chromatin fibers (8).

DNA supercoiling influences gene regulation by altering

both the global and the local structure of the helix. DNA

undertwisting caused by negative supercoiling can promote

the melting of the double helix (10) by weakening base

stacking (11) and, thus, facilitates the formation of the

open complex during transcription. Moreover, supercoiling

also affects DNA recognition by proteins through changes

in its fine structure that perturb unspecific contacts within

the so-called indirect-readout mechanism of binding (12).

The bacteriophage 434 repressor is an example of this

because its binding to DNA causes local overtwisting within

the central basepairs (bp) of the operator, which are not con-

tacted by the protein (13). The interaction with other mole-

cules such as drugs or different types of nucleic acids can

also be influenced by levels of supercoiling. For example,

the formation of triplex DNA has been demonstrated to be

more efficient for negatively supercoiled DNA, and this

property has been subsequently successfully exploited to

develop an assay for reporting topoisomerase activity (14).
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In closed DNA loops, changes in superhelical stress have

been seen to alter the physical properties of distal sites on

DNA, such as in the human MYC proto-oncogen (15) and

in the leu-ABCD-leuO-ilv1H region of Salmonella (16),

where supercoiling signal is transmitted along a series of

far regulatory elements or genes, creating a mechanism to

transfer biological information for modulating gene expres-

sion beyond transcription-factor recognition (17). Recently,

multiscale simulations on DNA minicircles containing

~100 bp have revealed a physical coupling across the whole

circle achieved by the transmission of mechanical stress

through the molecule of DNA itself (10). Allostery on un-

constrained DNA has also been proved in that the binding

of a protein can be influenced by another protein bound

nearby within a length of 20 bp (18).

Under physiological conditions, torsionally stressed DNA

is packed into plectonemes (or interwound superhelices).

These structures have the property to bring widely distant

sites (up to kilo-basepairs) into close proximity, playing a

crucial role in gene regulation by promoting enhancer-pro-

moter communication (19). Single molecule experiments

have shown that DNA loops bridged by proteins such as

the lac (20) or the phage lambda (21) repressors are facili-

tated by supercoiling and that the transition between close

and open states is sharper in plectonemes compared to non-

supercoiled loops, creating an all-or-nothing response

because of small changes of protein concentration (21,22).

The formation of closed DNA loops through DNA-pro-

tein-DNA bridges by lac, gal, or phage lambda repressors

has also been seen sufficient for dividing a DNA fragment

into different topological domains (23). Finally, molecular

dynamics (MD) simulations of DNA minicircles bound to

the human topoisomerase IB also observed the formation

of a DNA-protein bridge, due to interactions between

positively charged lysine residues far from the canonical

DNA binding domain and a DNA site across the minicircle

(24). We have further discussed the importance of protein-

DNA interactions in supercoiled topoisomers in a recent

review (25).

Here, we explore the interdependence of the binding of

two ligands (a DNA triplex and the bacteriophage 434

repressor) to separated (one helical-turn apart) recognition

sites on supercoiled DNA minicircles, and make a series

of predictions testable in the laboratory. We investigate

action-at-a-distance between both sites considering one-

dimensional (1D) communication, which is through the

DNA fiber itself and three-dimensional (3D) communica-

tion, which is across supercoiled DNA loops. We have

used MD simulations to observe the structural and dynamic

changes on binding subsequent ligands to a 260 bp mini-

circle constrained at four different levels of supercoiling

through the formation of four topoisomers: DLk ¼ �2

with s ¼ �0.069, DLk ¼ �1 with s ¼ �0.027, DLk z 0

(relaxed), and DLk ¼ þ1 with s ¼ 0.058 (for more details

about s-calculation, see Sutthibutpong et al. (26)), using

both implicitly and explicitly solvated MD simulations.

Minicircles of this size are sufficiently small to be accessible

to atomistic MD simulations (27), but can also be synthe-

sized enzymatically (28). Moreover, because both triplex

and 434-repressor binding have been previously demon-

strated to be sensitive to supercoiling (13,14), this provides

a particularly tractable system for comparing theoretical

predictions with future experimental results.

MATERIALS AND METHODS

Construction of DNA minicircles

Linear 260 bp DNA sequences were built using the NAB module imple-

mented in AmberTools12 (29). The DNA sequence was designed using

the minicircles synthesized by Fogg et al. (28). However, the original

251 bp sequence was modified to contain a 16 bp triplex binding site

(TCTCTCTCTCTCTCTC), which forms T.AT and Cþ.GC triplets with

eight additional negative charges, and a 14 bp, 434-phage repressor binding

site (30) separated by approximately one DNA turn (10 bp). The 251 bp

sequence was extended to 260 bp to correct for the twist underestimation

of relaxed DNA by the AMBER parmBSC0 force field (31) (see the Sup-

porting Material for the full sequence). DNA planar circles corresponding

to four topoisomers (DLk ¼ �2, �1, 0, 1) with/without the 16 bp triplex

forming-oligomer (TFO) and with/without the DNA-binding domain of

434 repressor (Protein Data Bank (PDB): 2OR1 (30)) were then constructed

using an in-house program (32). The 434-DNA crystallographic structure

was bound to the minicircle by aligning the complex with its binding site.

MD simulations

The force field Amber ff99 (33) with parmBSC0 corrections for a and g

(34) and parm cOL4 correction for c (35) was used to describe the

DNA, and the force field ff99SB-ILDN (36,37) was used to describe the

protein. Parameters for protonated cytosine present in the TFO were ob-

tained from Soliva et al. (38). Using a multistage equilibration protocol

described in Sutthibutpong et al. (39), the SANDER module within

AMBER12 (29) was used to subject these starting structures to 13 ns of

implicitly solvated MD using the generalized Born/solvent-accessible

area method (40) at 300 K and 200 mM salt concentration, with the long-

range electrostatic cutoff set to 100 Å. MD simulations with a continuum

representation of the solvent rapidly explore conformational space in the

absence of any frictional drag from collisions with water molecules (27)

and can provide a comparable description of supercoiled DNA to explicitly

solvated calculations in monovalent salt, so long as the DNA does not

contain defects in the double helix (41). Therefore, restraints were applied

to maintain the canonical H-bonding interactions for production runs in im-

plicit solvent, as described in Irobalieva et al. (27). For the DNA bound to

the 434 repressor, in four simulations we observed off-site interactions be-

tween positively charged amino acids and the negatively charged sugar-

phosphate backbone, which were never present in explicit solvent. These

conformations were discarded as they are potentially artifacts of the

approximate solvent models (leaving 6 ns of implicitly solvated MD re-

maining). After discarding the first 3 ns for equilibration, the calculated

average writhe for each topoisomer did not change by >0.1 turns for

each topoisomer when the simulations were extended from 6 to 13 ns;

consequently we considered the Writhe parameter (which represents the

global shape of minicircles) to be adequately sampled by the implicitly sol-

vated simulations (Fig. S1 in the Supporting Material) so that these provide

suitably stable conformers for initiation of explicitly solvated calculations.

Following on from the implicit solvent runs, representative structures

containing an equivalent configuration for each of the two binding sites

to facilitate cross comparison in the presence and absence of ligands

Noy et al.
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were chosen for each topoisomer (see Fig. S2). For example, because the

triplex binding site always lies at the apices for DLk ¼ �2 in the absence

of the third strand, we selected a configuration from the equivalent simula-

tion containing the bound triplex as a starting structure, and removed the

third strand before adding solvent (Fig. S2). All minicircles were solvated

in 200 mM Naþ and Cl� counterions in TIP3P octahedral boxes (42).

A quantity of 100 ns explicitly solvated MD simulations was performed

using the GROMACS 4.5 program (43) with standard MD protocols (44)

at 300 K.

Linear DNA fragments

A 56-mer fragment containing the triplex binding site and the repressor

binding site was extracted from the 260 bp minicircle to analyze the prop-

erties of these bound/unbound sites on unconstrained linear DNA and to

enable comparison with supercoiled minicircles. To reduce end effects,

an additional 8 bp was added to both ends of each binding site (45) (see

the Supporting Material). Four linear starting structures with/without the

16 bp TFO and with/without the DNA-binding domain of 434 repressor

were explicitly solvated and subjected to 100-ns MD simulations using

the protocols described previously in the Materials and Methods.

Trajectory analysis

Writhe calculations and other geometrical descriptions of the global molec-

ular shape were performed by using the WrLINE molecular contour anal-

ysis tool (26). DNA Twist values were obtained with CURVESþ (46) and

internal configurational energies were evaluated by the AMBER program

MMPBSA (47). Ion densities around the DNA duplexes and radial distribu-

tion functions (RDF) were determined using the AMBER program PTRAJ

(48). To assess the equilibration of the cation environment around the DNA,

RDFs were calculated by increasing the length of time-windows from simu-

lation trajectories (Fig. S3), showing good convergence after 60 ns. Conse-

quently, much of the analysis (the ones not showing time series) was

performed by considering only the last 40 ns of the trajectory. To locate po-

tential crossing points, the smallest distance between two pieces of double-

stranded DNA across the minicircle was calculated between each possible

pair of nucleotides separated by at least 50 bp. Equivalently, the ability of

the 434 repressor to stabilize a crossing point through a DNA-protein bridge

was monitored by calculating the smallest distance between the protein-

binding site and any nucleotide separated by at least 50 bp, and by the reg-

ister angles between this site, the binding site, and the protein. A register

angle close to zero indicates the protein faces toward the other DNA double

strand or toward the center of the circle, while a register angle of ~180� in-

dicates the protein faces away. The number of hydrogen bonds stabilizing

the secondary recognition site of the observed DNA-434 bridges was deter-

mined using a distance cutoff of 3.5 Å between donor and acceptor atoms

and an angle cutoff of 120�.

RESULTS

Implicit solvent MD shows global structural

changes on ligand binding

The Tw/Wr partition, which dictates the global shape of the

DNA, was firstly equilibrated with an implicit solvent model

for each topoisomer with and without ligands (for 3 ns, fol-

lowed by a 10 ns production run). MD simulations in im-

plicit solvent allow rapid global structural rearrangements

within the minicircles to be observed, even over limited

MD timescales, because conformational fluctuations are

accelerated by at least an order of magnitude when solvent

damping is neglected (27). While the relaxed topoisomers

remained predominantly circular, the supercoiled mini-

circles all adopted writhed configurations, with the

DLk ¼ �2, DLk ¼ �1, and DLk ¼ þ1 having an average

of ~1.5, 0.5, and 1 cross overs, respectively, for the

naked DNA.

Fig. 1 shows representative configurations from the

implicitly solvated MD simulations for the DNA alone

and in the presence of ligands. Fig. 2 shows the radial posi-

tions of the triplex and protein binding sites in relation to the

center of mass of the circle, which may be located either at

the apices (far from the minicircle center of mass) or a site

closer to the cross overs (near the center of mass). For the

plectonemic DLk ¼ �2 and DLk ¼ þ1 topoisomers, in

the MD the poly-AG triplex binding site was seen to have

a propensity to be located at the apices (see Fig. 1 a), which

are significantly bent. While an analysis of the PDB (49,50)

and long timescale MD simulations on short (12–16 bp)

linear DNA fragments (51,52) have identified purine-purine

steps as having intermediate flexibility, with TA steps being

the most flexible, and GC the most rigid, this preference

for the bent apices may be a specific property that emerges

from the usually repetitive sequence associated with the

triplex binding site. However, because the triplex is stiffer

than naked DNA, the binding of the third strand shifts the

preferred location of this sequence away from the bent

apices, resulting in a global structural change within the

minicircle (see Fig. 1 b). Because the third DNA strand

carries additional negative charge, configurations where

the triplex is located at a crossing point are unfavorable elec-

trostatically; consequently, the triplex DNA has a propensity

to be localized to the region between the cross overs and the

apices of plectonemes. In the presence of the 434 repressor

alone, the triplex binding site was located at the apex in the

FIGURE 1 Representative structures from plectonemic (DLk ¼ �2, þ1

topoisomers) implicitly solvated simulations: (a) �2 for naked DNA,

(b) �2 with TFO, (c) þ1 with 434 repressor (434), (d) �2 with 434, and

(e) �2 with both ligands. To enhance the 3D perspective, DNA regions

colored in red are close to the reader, whereas those in blue are far away.

The triplex-binding site is highlighted in yellow, the TFO in purple, the

434-binding site in cyan, and the 434 in green. To see this figure in color,

go online.
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MD for the DLk ¼ þ1 topoisomer, as for the naked DNA

(see Fig. 1 c). However, for the highly writhed DLk ¼ �2

topoisomer, the bound 434 repressor was located at the

crossover, where polar residues on the protein surface could

provide electrostatic screening (Fig. 1 d). In the presence of

both the triplex and the 434 repressor, in all cases the triplex

was located away from the apices and the crossing points,

which additionally placed the 434 repressor at a favorable

position close to the crossing point (Fig. 1 e).

Close cross overs in plectonemes are stabilized

by counterions

After equilibrating the Tw/Wr partition for each topoisomer

using an implicit-solvent model, representative structures

were solvated with explicit water and counterions (see Ma-

terials and Methods). The increase in solvent damping on

addition of water retards global rearrangements of the mini-

circles sufficiently such that only local structural changes

could be observed over the 100 ns timescales of these sim-

ulations. However, comparing the structures in Fig. S2 with

Fig. 3 suggests that addition of explicit counterions leads to

a compaction of the DNA in the MD simulations, implying

that electrostatic screening is underestimated by the approx-

imate implicit solvent model and that it is an important

factor for DNA recognition as has been described in

Cherstvy (53).

Fig. 4, a and b, shows the minimum distance between

DNA cross overs and the measured Wr for the four top-

oisomers, respectively. The levels of superhelical stress

simulated are clearly sufficient to pull together distal loop

sites; while the minimum distance between any two distal

sites is 100 Å in the relaxed topoisomer (DLk ¼ 0), this is

reduced to ~30 Å in the most negatively supercoiled top-

oisomer (DLk ¼ �2). Because DNA basepairs are ~20 Å

in width, a 30 Å separation between the helical axes

of two previously distal sites can represent a distance

of <10 Å between external backbone atoms. The value of

Wr ¼ �1.5 measured for the DLk ¼ �2 indicates that

most the minicircle conformers contain at least one crossing

point for this topoisomer. These highly packed structures are

stabilized by bridging interactions with the monovalent

counterions that occur in an extended crossing point (indi-

cated in yellow in Fig. 5). Similarly, compacted DNA mini-

circle structures have been observed by cryo-electron

tomography experiments, which reported global conforma-

tions of highly compacted plectonemic minicircles resem-

bling needles or rods, and other more complex structures

(27). Moreover, a region of high counterion density can be

observed at one apex of the doubly bound DLk ¼ �2 top-

oisomer, where a kink defect further stabilizes the favorable

arrangement of the triplex (away from apex and crossing

point) and the 434 repressor (at the crossing). These simula-

tions therefore show that the ability of DNA supercoiling to

bring distal sites into close proximity is enhanced by the

self-assembly of positive counterions at regions of high

negative charge, which can also promote the formation of

kink defects that may lock the global shape of the minicircle

into a given conformer (27,44,54).

Plectonemes promote nonspecific protein-DNA

interactions

Of the four simulations of plectonemic structures (e.g.,

the �2 and þ1 topoisomers) with the bound 434 repressor

protein, three showed additional nonspecific protein-DNA

interactions with a site close to the diametrically opposite

point on the circle from the protein binding site. This was

never observed in the relaxed DNA. Examples of DNA-pro-

tein-DNA bridges observed in MD of the supercoiled top-

oisomers are shown in Fig. 6. These new interaction sites

typically contain between 10 and 20 hydrogen bonds and

FIGURE 2 Distances between every residue (defined by the WrLINE

molecular contour) and the center of mass obtained using the last 10 ns

of the implicitly solvated simulations for the most supercoiled topoisomers

(DLk ¼ �2, þ1) (values for DLk ¼ þ1 DNAþ434 and DLk ¼ �2

DNAþTFOþ434 topoisomers were calculated using the last 3 ns, as

described in the Materials and Methods), with the corresponding margin

of error calculated by average 5 SD and represented by thin lines. Orange

and cyan indicate the triplex and repressor binding sites, respectively. To

see this figure in color, go online.

Noy et al.
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involve a broad range of amino acids and DNA backbone

sites, indicating that these are highly unspecific in nature.

Example hydrogen bonds donors included: polar amino

acids (serine, asparagine, glutamine, tryptophan, and

glycine), positively charged residues (arginine and glycine)

and even an example of a hydrogen bond with the backbone

of an apolar glycine was observed. In the doubly bound

DLk ¼ �2 minicircle, in which the triplex resides in its

preferred site between the apex and the crossing point,

and a kink defect formed at one apex, we observe that

nonspecific protein-DNA interaction occurs after only

20 ns compared to 60 ns in the presence of the repressor

(see Fig. 7). Moreover, there was an increase in the number

of nonspecific hydrogen bond contacts between the 434

repressor and the distal site from ~15 to 20 (Fig. 7). We hy-

pothesize that kink formation, triplex binding, and nonspe-

cific interactions between the 434 repressor and the DNA

occur cooperatively in this plectoneme.

For the DLk ¼ þ1 topoisomer, DNA-protein-DNA

bridges were only observed in the simulation containing

both the triplex and the 434 repressor. Protein-DNA

bridges were also not observed in simulations of the

DLk ¼ �1 topoisomers. In these simulations, the protein-

minicircle complex adopted conformations where the pro-

tein was on the outside of the minicircle so that secondary

binding interactions were sterically inaccessible, illus-

trating that the registry of the circle (e.g., the degree of

freedom associated with rotating the helix around its

central axis) can also be important in modulating DNA-

binding interactions in complex topologies (Fig. 7). While

changes in register angle are indeed sampled more exten-

sively during the implicitly solvated MD (see Fig. S4),

the additional compaction of plectonemes in the presence

of explicit counterions is required to bring the DNA suffi-

ciently close for these bridging interactions to be encoun-

tered. This coupling between the details of the counterion

environment and the global shape of the DNA makes

conformational sampling particularly computationally

challenging, and indeed kinetic trapping of DNA confor-

mations on a surface by the choice of solvent environ-

ment has been demonstrated by AFM experiments (55).

Although this implies that caution is necessary for inter-

preting MD simulations of writhed DNA minicircles, due

to the differences in timescale and environment conditions

that may be accessible in simulations and future experi-

ments, our trajectories show repeatedly the potential of

the 434 repressor DNA-binding domain to form a pro-

tein-bridge across a supercoiled DNA loop through nonspe-

cific contacts. We propose that this interaction, which is

driven by favorable electrostatics and by the plectonemic

FIGURE 3 Two side views (at 90� clockwise

rotation) of representative structures from the last

40 ns of explicitly solvated trajectories, constrained

at different levels of superhelical stress (DLk¼�2,

�1, 0, þ1 topoisomers) and with/without the pres-

ence of the TFO and the 434 repressor. Structures

are color-coded as in Fig. 1. To see this figure in co-

lor, go online.
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closeness of two double helices, is an example of biolog-

ical communication in 3D space.

Local structural changes on ligand binding

Molecular helical Tw averages for the 40 bp fragment

composed of the two binding sites and the central helical

turn show a strong variation in the presence/absence of the

ligands (Fig. 4 c). While the binding of the 434 repressor

promotes a variable degree of overtwisting (13) depending

on the superhelical density, the TFO imposes low Tw of

~31�/bp step (56). However, alterations of local DNA struc-

ture caused by binding of either the TFO or the repressor

alone are insufficient to induce significant conformational

changes in the nearby binding site relative to SD, as indi-

cated by the configurational energies presented in Fig. S5.

Moreover, local changes in helical twist at the binding sites

are compensated by fluctuations in other individual steps

along the minicircle and, therefore, they do not detectably

alter the global Tw/Wr partition (Fig. 4 b). The simulations

of the DLk¼þ1 topoisomer (see Fig. 4 b), however, suggest

that the presence of a well-oriented protein could provide

a mechanism for modifying this partition by efficiently

screening the electrostatic repulsion between the negatively

charged backbones of DNA. Therefore, in these simulations

of minicircle DNA, we find that 3D long-range communica-

tion due to the complex topology of closed circular DNA

makes a more significant contribution than 1D communica-

tion between distal binding sites.

CONCLUSIONS

Our MD simulations have shown that the binding of two

distant ligands to supercoiled DNA is determined by a subtle

interplay of DNA mechanics and electrostatics at the local

level, which is capable of introducing global topological

changes within the whole minicircle, thus, establishing a

mechanism to transfer conformational information beyond

the simple 1D order of regulatory elements placed sequen-

tially on the DNA double helix. A balance of favorable

and unfavorable electrostatic interactions, together with an

alteration of the DNA elastic profile, determined which in-

teractions occurred at the atomistic level, and the overall

global position of the two ligands in the supercoiled mini-

circles. The binding of the triplex DNA introduces addi-

tional negative charge and stiffness, preventing it from

occupying the crossing points and apices of plectonemes.

Attractive electrostatic interactions between the DNA and

positively charged sodium counterions allow sufficiently

FIGURE 4 Writhe (a), total twist for the whole minicircle (b) and for the

fragment comprised by both binding sites, and the central DNA turn (c)

evaluated in DNA helical turns. (d) Minimum distance across the minicircle

measured by theWrLINE helical axis between the two closest basepairs lin-

early separated at least by 50 bp. Averages and corresponding SDs (error

bars) were obtained over the last 40 ns of trajectories using the explicit sol-

vent model. To see this figure in color, go online.

FIGURE 5 Averaged structures of the last 10 ns of explicitly solvated

MD simulations of the DLk ¼ �2 topoisomers together with Naþ-density

maps from the same trajectory fragment showing an occupancy of ~3 times

or greater the bulk concentration (in yellow). Structures are color-coded as

Fig. 1. To see this figure in color, go online.

Noy et al.
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close contacts between distal sites within plectonemes that

additional nonspecific interactions can form between the

DNA and a bound protein, so long as the register angle

for rotation along the axis of the helix places the protein

on the inside of the minicircle. For the most compact

DLk ¼ �2 topoisomer, we observed a kink defect at the

apices of the plectoneme in the presence of explicit counter-

ions, the triplex and the protein.

In these minicircles, our choice of relative positions of the

two binding sites enables the 434 repressor protein and the

triplex to simultaneously adopt preferred locations. We hy-

pothesize that minicircle sequences, where the binding site

separations are chosen to disrupt this positive cooperativity,

would have a lower affinity for the two ligands. Additional

stabilization of these favorable configurations by kink for-

mation was also observed in highly supercoiled DNA. If

the probability of kinking at the apices is increased by the

additional DNA compaction induced by cooperative binding

by the triplex and the 434 repressor, then, we would expect

that minicircle sequences in which triplex and repressor

binding is negatively cooperative would also have a reduced

propensity to form kink defects at the apices. Our calcula-

tions show that even if the binding of multiple ligands to

distant sites occurs independently in linear sequences,

closed topologies may promote cooperativity that has a

rich dependence on the degree of DNA supercoiling.

FIGURE 6 Detailed views of DNA: 434-repressor secondary recognition sites obtained from representative structures of the DLk ¼ �2 topoisomer with

the TFO and the 434 repressor (extracted approximately at 100 ns), theDLk¼�2 topoisomer with the 434 repressor (at 90 ns), and the DLk¼þ1 topoisomer

with the TFO and the 434 repressor (at 20 ns). The DNA (yellow), the core protein (green), and interacting amino acids (brown, serine; purple, arginine; cyan,

lysine; pink, asparagine; orange, glutamine; black, tryptophan, and white, glycine). Closeups show atom charge (blue is positive and red is negative) and

hydrogen bond distances. To see this figure in color, go online.
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