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Chapter 3
The impact of DNA twisting and

bending rigidity on

protein–induced looping dynamics

This chapter is based on two publication in Nucleic Acids Research (see

page 205).
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3. DNA rigidity and protein–induced looping dynamics

Abstract — Protein–induced DNA looping is a key regulatory mech-

anism involved in important processes such as transcription, gene reg-

ulation and replication. The relationship between the induced loop to-

pology and DNA–protein dynamics is essential for understanding these

processes. Here, we use tethered–particle motion (TPM) to examine the

impact of bending and twisting rigidity of protein–induced DNA looping

using the restriction endonuclease FokI as a test system. To cleave DNA

efficiently, FokI bridges two copies of an asymmetric target, which can

be arranged in either inverted or directly–repeated orientations. Using

a combination of FRET and TPM, we show that in either arrangement,

FokI generates a single looped species with the sites aligned in a parallel

synapse. Furthermore, we show that both site separation and orientation

have a profound influence on the dynamics of the looped DNA–protein

structures. Surprisingly, the presence of a nick within the loop does not

affect the observed rigidity of the DNA. In contrast, introducing a 4 nuc-

leotide gap fully relaxes all of the torque present in the system but does

not necessarily enhance loop stability. FokI therefore employs torque to

enhance its binding by acting as a torsional catch bond.
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3.1. Introduction

3.1. Introduction

In many genetic processes, DNA–binding proteins interact with multiple

target sites on the DNA, trapping the DNA between the specific sites

as loops [49]. Such processes include DNA replication and repair, site–

specific recombination, transcription regulation and DNA cleavage by

many restriction endonucleases (RE) [10, 50]. The ability of proteins to

bridge two sites is governed by the DNA bending and twisting rigidity,

as the appropriate face of the DNA has to be in a defined position for

loop capture to occur. This ability to bend and twist is influenced by

the lateral and torsional stiffness of the DNA as well as the length of

DNA between the target sites [51]. The latter becomes an increasingly

important factor when the sites are separated by less than a persistence

length [49,51].

DNA looping has been studied extensively by biochemical methods [16,

19] but in recent years, biophysical single–molecule techniques have be-

come available to study protein–DNA complexes [22, 23, 28, 52]. One

method has proved to be especially useful for investigating DNA loop-

ing: tethered particle motion (TPM) [28,53,54]. In a typical TPM setup,

linear DNA constructs with two copies of the target site are immobil-

ised at one end on a glass slide, while a polystyrene bead is covalently

attached to the other end of the DNA. The movement, governed by

Brownian motion, of up to 50 beads can be monitored simultaneously

using a CCD camera attached to a microscope [53]. Upon addition of

protein that interacts with two copies of the target sequence, the ef-

fective tether length is shortened due to DNA looping, restricting the

Brownian motion of the bead [29].

Among the best systems to study DNA looping are the Type II REs,

as many of these have to bind two recognition sites before they can cut

DNA [10,55,56]. The Type IIS RE FokI exists in solution as a monomer

and is composed of two domains: an N–terminal DNA–binding domain
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3. DNA rigidity and protein–induced looping dynamics

and a C–terminal catalytic domain. The enzyme recognises the non–

palindromic sequence 5–GGATG–3 and cuts 9 and 13 nucleotides (nt)

away from this site, in top and bottom strands respectively. The cata-

lytic domain contains only one active centre so, to cut both strands, the

catalytic domains from two monomers must associate to a dimer [57].

Dimerization occurs once a monomer is bound to its correct DNA se-

quence. Its partner can then be either a monomer bound in trans, on

a separate DNA molecule or, more favourably, in cis, on the same mo-

lecule, trapping the intervening DNA in a loop.

The non–palindromic nature of the FokI recognition site means that

two sites in cis can be in either inverted (IF) or directly–repeated (DF)

orientations along the DNA contour. In either arrangement, the two sites

can become juxtaposed in a parallel or in an anti–parallel alignment: for

both orientations, each alignment results in one particular topology for

the looped DNA (figure 3.1).

Here we show that FokI traps the same alignment of sites from both

IF and DF orientations. Hence, we were able to examine the influences

of both DNA bending and twisting rigidity’s on protein–induced looping

dynamics. The twisting rigidity was examined by varying the DNA loop

size, whilst keeping the site orientation fixed, thereby changing the angle

between the two recognition sites. The bending rigidity was examined

by changing the relative orientation of the two sites.

3.2. Materials and methods

3.2.1. FokI

The FokI endonuclease was purified from an over–producing strain of

Esherichia coli (from W. Jack, New England Biolabs) to > 95% homo-

geneity as before [56]: concentrations were determined by UV absorb-

ance and are given in terms of the monomeric protein.
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3.2. Materials and methods
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Figure 3.1. Possible loop topologies FokI. In each orientation, the two

recognition sites (yellow) can become juxtaposed in a parallel (i, ii and iii) or

an anti–parallel (iv, v and vi) arrangement, generating loops with either 180◦

(i, v, vi) or 360◦ bends (ii, iii, iv). The DNA “loop” before and after loop form-

ation differs due to the active dimerization process in which one catalytic site

binds to the opposite strand. To be able to compare the different constructs,

the separation between the recognition sites n is converted into an actual loop

size (red). During loop capture, the catalytic domain is positioned 13 nt down-

stream of the recognition site (see inset). The actual number of base pairs that

need to be looped out equals therefore (n− 2 · 13) bp for the IF construct and

n plus the size of the recognition site for the DF species (n + 5) bp. Once a

loop has formed, the length of DNA held in the loop runs from the dimer of

catalytic domains at one site through to the nearest edge of the recognition

sequence at the other site.
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3. DNA rigidity and protein–induced looping dynamics

Reactions were undertaken in 20 mM tris–acetate (pH 7.9), 50 mM

potassium acetate, 1 mM DTT and 100 µg/ml BSA containing either

2 mM CaCl2 C–buffer) or 10 mM MgAc (M–buffer), where appropriate.

3.2.2. Plasmids and nomenclature

Linear DNA fragments containing either one or two recognition sites

for FokI were generated by PCR from plasmids carrying either a single

site [57] or two sites in inverted (IF) orientation, 181-199 bp apart [55].

Additional fragments were obtained from plasmids constructed here that

contained two directly–repeated (DF) FokI sites 181, or 185 or 190 bp

apart. The nomenclature pIF and pDF denotes, respectively, plasmids

with either inverted or directly–repeated FokI sites, while the following

number refers to the number of bp between sites: i.e., a plasmid with

inverted sites 190 bp apart is named pIF190. For experiments on nicked

DNA, three plasmids from both the pIF and pDF series, with inter–site

spacings of 181, 185 or 190 bp, were modified by introducing a BbvCI

site between the FokI sites, without altering their separation. These

are named as before but with the subscript n following the name: i.e.,

pIF190n. For experiments on gapped DNA, the same plasmids were

modified further to include both a BbvCI and a BsmAI site between the

FokI sites. These are also named as before but with an identifying letter

g: i.e., pIF190g. In all cases, the plasmids were designed with the same

flanking sequences at each recognition site, for ≥ 5 bp upstream of the

site and for all the downstream sequence to ≥ 6 bp beyond the cleavage

site changes to the intervening sequence were kept to a minimum.

3.2.3. DNA construct

To generate the linear constructs, the region of the above plasmids that

encompassed the recognition site(s) was amplified using forward and re-

verse primers tagged at their 5’-ends with an appropriate label. For the
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3.2. Materials and methods

TPM experiments, one primer carried a biotin label and the other a

DIG label so that the PCR gave DNA molecules with a biotin tag at

the 5’-end of one strand, and a DIG at the 5’-end of the complementary

strand. These constructs are named from the parental plasmids: i.e.,

pIF190 generates the PCR product IF190 (two FokI sites in inverted

orientation 190 bp apart). Both IF and DF series were between 528 and

546 bp long, depending on the inter–site distance, and the two FokI sites

were approximately equidistant from the midpoint of the DNA: 166 and

170 bp from their proximal ends. For the FRET experiments, either one

or both primers carried at their 5’-ends the requisite fluorophore (either

Alexa Fluor 546 or Alexa Fluor 647). The DNA was thus labeled with

one dye at one end, or with two dyes, one at each end. The priming sites

for the FRET substrates yielded PCR products of 260 bp, with 30 bp of

DNA between the FokI site(s) and the proximal terminus: the two site

FRET substrates had site–separations of 190 bp. PCR products were

purified using a QIAquick PCR purification kit (Qiagen) and concentra-

tions determined by A260 measurements.

3.2.4. Nicked and gapped constructs

The constructs that contained an BbvCI site between the FokI sites were

pre–nicked by using the enzyme NtBbvCI (NEB) to cut the top strand

only, in each case at the same position 128 bp downstream from the first

FokI site (and thus 53 - 62 bp upstream of the second). To confirm the

nick, an aliquot was was digested with the BbvCI top strand variant

(Nb.BbvCI, 2 hrs at 37 ◦C), and an agarose gel analysis showed that all

of the DNA now carried a double–strand break (figure 3.2a). Further

confirmation that the nicking reaction had proceeded to completion was

observed during TPM experiments, where the addition of Nb.BbvCI to

the slide carrying beads tethered with DNA that had been treated with

NtBbvCI resulted in bead release.
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3. DNA rigidity and protein–induced looping dynamics
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Figure 3.2. Single–stranded nick or 4-nt gap between FokI recogni-

tion sites. a. Nicking analysis. Samples of the purified PCR product (IF185)

and the nicked construct after digestion with Nt.BbvCI (IF185n), both before

(lane 2 and 4) and after (lane 3 and 5) reactions with Nb.BbvcI, were subjected

to electrophoresis through agarose. Only the nicked construct was cut by the

complementary nicking enzyme. b. Gapping analysis. Samples of the puri-

fied PCR product (IF185) and the gapped construct that had been made with

Nt.BbvCI and Nt.BsmAI (IF185g), both before (lane 2 and 4) and after (lane 3

and 5) digestion with native BbvCI, were subjected to electrophoresis through

agarose. The gapped construct was not cut by BbvCI as the introduction of

the gap removes its recognition site. In both gels lane 1 corresponds to a 100 bp

marker.
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3.2. Materials and methods

Similar, the gapped construct that contained both BsmAI and BbvCI

sites between the FokI sites were digested successively with the Nt.BbvCI

and Nt.BsmAI enzymes (NEB). Both enzymes cleave only the top strand

of their respective recognition sites and thus excise a 4-nt segment from

this strand, to leave a the gap between positions 125-129 bp downstream

of the first FokI site. The sample was purified using a QIAquick PCR

purification kit and heated to 65 ◦C for 30 min to remove the 4-nt seg-

ment. As a control, an aliquot was removed and digested with nat-

ive BbvCI enzyme (2 hrs at 37 ◦C). As the desired gap spans part of

the BbvCI recognition site, the gapped DNA is resistant to cleavage by

BbvCI. BbvCI–digested samples from before and after the gapping pro-

cedure were compared by electrophoresis through agarose: the sample

without the gap was cleaved, while that with the gap was not (fig-

ure 3.2b).

3.2.5. Fluorescence resonance energy transfer

Equal volumes of FokI and DNA, both in C- buffer or both in M–buffer,

were mixed in a Hi–Tech Scientific SF61-DX2 stopped–flow fluorimeter

at 37 ◦C. The total DNA concentration was 25 nM whilst the enzyme

was kept equal to the concentration of FokI recognition sites: i.e., 25 nM

enzyme for reactions on DNA with one site and 50 nM enzyme for reac-

tions on two–site DNA. The DNA was appropriately labelled with Alexa

Fluor 546 and Alexa Fluor 647, to allow potentially for FRET from the

Alexa Fluor 546 donor to the Alexa Fluor 647 acceptor; the Ro between

this FRET pair is 80Å. Excitation of Alexa Fluor 546 was at 545 nm

and emission from Alexa Fluor 647 observed through a cut–off filter that

transmits wavelengths > 645 nM. Data was recorded for 60 s but the re-

actions generally reached equilibrium within 10 s. Each record shown is

the average of ≥ 5 transients.
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3. DNA rigidity and protein–induced looping dynamics

3.2.6. Tethered particle motion

The tethered particle motion experiments were performed by immobil-

ising the DNA constructs on one side of a glass cover slip and attaching

the remaining free end to a 440 nm sized bead. The motions of up to 50

beads were tracked at a frame rate of 50 Hz and in real time converted

to bead positions. The data was then converted to a root mean square

motion of the bead. The histogram of this motion was fitted to a double

Gaussian to find the RMS values of the looped and unlooped state. The

intersect of the two Gaussians sets a threshold for the RMS data and

the dwell times of both states were extracted.

To obtain the kinetic rates from the TPM experiments for protein

association, loop capture, loop release and protein dissociation, the dwell

times of the looped and unlooped states were fitted by exponentials. As

described in chapter 2, [53], the dwell times of the looped state were

fitted to a single exponent to directly yield the loop release rate, while

the dwell times of the unlooped state were fitted to a double exponential

to yield the loop capture, protein association and protein dissociation

rates (figure 3.3). However, the theory was originally developed for a

tetramer binding two recognition sites at once, while in the current study

the loop is induced by the association of two DNA–bound monomers.

Nevertheless as is described in section 2.4.4, above a certain protein

concentration, one of the two sites will be almost always occupied, which

reduces the problem to just a single monomeric protein associating with

the remaining free recognition site (see chapter 2.4.4). This was found to

be the case for the FokI concentrations used in this study, by observing

the equilibrium distribution. (The Kd for the initial binding FokI to

DNA containing a single FokI site is about 4 nM [56]).
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3.2. Materials and methods
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Figure 3.3. Concentration dependence of kinetic rates. Protein associ-

ation, dissociation, loop capture and loop release rates were determined for the

interaction of various concentrations of FokI with a DNA construct containing

inverted sites separated by 190 bp (IF190). All experiments were undertaken in

C–buffer at 20 ◦C, and each data point represents the average value of at least

25 DNA molecules. Error bars of the data points denote the standard error of

the mean. Each graph contains the average rate and the SEM (solid and dotted

line respectively). Rates calculated for protein dissociation (1.1± 0.5 s−1), loop

capture (1.0 ± 0.2 s−1), and loop release (0.19 ± 0.01 s−1) show no systematic

variation with the enzyme concentration. In contrast, rates calculated for pro-

tein association varied linearly with FokI concentrations (6± 1 · 106 M−1 s−1).

Above 8 nM FokI, non–specific DNA looping, i.e. DNA condensation, was

sometimes observed making it hard to extract certain rates.
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3. DNA rigidity and protein–induced looping dynamics

3.3. Results

3.3.1. Loop topology

Before we studied the loop topology induced by the FokI dimer com-

plex and its effect on the kinetics of protein–induced looping, we first

demonstrated that the system is active in our TPM assay. We examined

the cleavage activity of FokI (in a buffer containing Mg 2+) by recording

bead release from tethers formed by DNA substrates carrying one or

two FokI sites. This only occurs if both top and bottom strands are cut

by the protein. We observed no discernible difference in bead release

rates for inverted (IF) or directly–repeated (DF) substrates regardless

of inter–site spacing (figure 3.4). However, the release rate from cut-

ting a DNA with only one FokI site was much slower than that from

the two–site substrates. Efficient cleavage thus requires protein–induced

DNA looping, in agreement with previous biochemical data [10].

To prevent hydrolysis, we replaced the Mg 2+ in the buffer with Ca 2+.

The Brownian motion, restricted by the DNA tether, was recorded over

time and the root mean square (RMS) motion over ∼ 0.5 s was plotted.

Example traces of IF and DF tethers are shown in figure 3.5. The

traces show transitions between two well defined states and for each

trace the histogram was fitted to a double Gaussian. For both IF and DF

constructs, the larger of the two RMS motions (∼ 155 nm) was identical

to the RMS measured in the absence of protein and thus corresponds to

the unlooped state of the tether. However, the two substrates give clearly

different values for the smaller RMS motion, than for the looped state;

∼ 105 nm for the IF DNA, and ∼ 130 nm for the DF. The RMS values

of the looped state for both IF and DF DNA were found to be constant

regardless of inter–site distance (181-199 bps). Therefore, the difference

between the constructs in their RMS motion cannot be attributed to a

difference in loop size and must be due to the topology of the loop.
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3.3. Results
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Figure 3.4. FokI cleaves DNA tethers. a. Cleavage rates were determined

by flowing 5 nM FokI into the flow cell and recording and the time taken for the

RMS motion of the bead to disappear. When the enzyme is introduced in the

flow cell, the tethers are stretched in the flow and therefore the RMS motion is

briefly affected. b. To demonstrate that FokI is active in our TPM assay, the

rate of bead release (plotted as tethered fraction versus time) was determined

for constructs containing either one or two FokI recognition sites. The DNA

with two sites are in either IF or DF configurations. The number of bp between

the sites is indicated above the graph: i.e., IF181 has two inversely–oriented

FokI sites 181 bp apart. The rate of bead release, and therefore cleavage, was

much faster for the two–site constructs than the one–site DNA, on account of

FokI looping the intervening DNA.
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3. DNA rigidity and protein–induced looping dynamics
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Figure 3.5. TPM shows that IF and DF orientations form different

topologies. The RMS motions for one tether with IF190 (inverted FokI sites

190 bp apart: black trace) and one with DF190 (directly repeated sites 190 bp

apart: grey trace) with 5 nM FokI in Ca 2+ are plotted as a function of time.

Each trace shows clear dynamics between an unlooped and a looped state:

the corresponding histogram is fitted to a double Gaussian (right panel). The

RMS value for the two constructs differs, indicating different loop topologies

are formed.

As noted in the introduction, for each substrate the recognition sites

could be held in either parallel or anti–parallel alignments, resulting in

loop topologies with a bend of either 180◦ or 360◦ (figure 3.1). However,

in our assay, both ends of the DNA are forced in opposite directions, as

one is anchored to the surface and the other to a micro bead. Therefore,

the 180◦ loop topology must have an additional bend of 180◦ outside

the DNA loop. Because of the stiffness of DNA, this will result in a

further shortening of the average end-to-end length of DNA compared

to the 360◦ loop topology, thus lowering the measured RMS value. Con-

sequently, we propose that the IF and DF substrates form the 180◦and

360◦ loop topology respectively, both corresponding to a parallel align-

ment of recognition sites.

To prove that both substrates indeed form different topologies, we

studied the DNA loops further by fluorescence resonance energy trans-

fer (FRET). We examined the interactions of FokI with DNA containing
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3.3. Results

a single recognition site end–labelled with an appropriate fluorescence

donor or acceptor so that one set of labels would give a FRET signal

upon generation of a parallel synapse, while another set would yield

FRET from only the anti–parallel synapse. Equal concentrations of

donor or acceptor DNA were mixed with the same concentration of en-

zyme using a stopped–flow apparatus. The change in acceptor emission

was recorded and a representative trace is shown in figure 3.6a. It is

clear that a change in emission is only observed upon generation of the

complex containing sites aligned in parallel and not in anti–parallel ar-

rangements (figure 3.6a: black trace). To see if this signal was simply

due to a mixing effect, we examined the interaction of FokI with the

same donor–labelled DNA but with DNA labelled with an acceptor po-

sitioned at the opposing end of the molecule; no change in emission

was observed (red trace). DNA molecules labelled so that only an anti–

parallel synapse would yield a FRET signal also gave no signal (blue

trace).

The FRET experiment was repeated with DNA constructs containing

two recognition sites in either inverted or directly repeated orientation.

This time the molecules carried a donor fluorophore at one and an ac-

ceptor at the other end, so as to give a FRET signal upon looping.

However, FRET would only occur if the inverted sites were aligned in a

parallel arrangement and the directly–repeated sites in an anti–parallel

arrangement. A signal was observed with the IF construct, indicating

a parallel complex, but not from the DF construct, where FRET would

have needed an anti–parallel complex (figure 3.6b). We confirmed that

the DF construct was correctly labelled at both ends of the molecule

and that all signals observed are due to looping and not due to inter-

actions in trans by adding to the two–site DNA labelled at both ends a

second DNA labelled at only one end (figure 3.7a). Furthermore, both

the labelled one–site and two–site constructs formed cleavage–competent

complexes, in trans and in cis respectively (figure 3.7b). We therefore
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Figure 3.6. FRET experiments in Ca 2+ show FokI generates a par-

allel synapse. DNA of 260 bp containing one or two FokI sites (triangles) is

end–labeled with Alexa Fluor 546 or 647 (cyan and purple circles respectively).

The increase in fluorescence emission at > 645 nm (∆F), relative to that in the

absence of FokI, was recorded over time. a. In the black trace, both DNA

carry labels proximal to their FokI sites: gives rise to a signal from a parallel

synapse but not from an anti–parallel synapse. In the red trace, the label on

one DNA is moved to the end as negative control, and should not give a FRET

signal from either alignment. In the third experiment (blue trace), both the

FokI site and the label on the second DNA are at the opposite end from the

first: this should give a FRET signal from anti–parallel but not from parallel

sites. b. The DNA with inverted sites should give a FRET signal if FokI forms

a parallel synapse but not from an anti–parallel synapse. The converse applies

for sites in direct repeat: a signal from anti–parallel but not from parallel sites.
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3.3. Results

conclude that the IF and DF constructs generate the complex with sites

aligned in parallel, confirming the 180◦ and 360◦ loop topology predicted

by the TPM data.

3.3.2. Looping dynamics

We obtained the kinetics of protein association to and dissociation from

the DNA as well as the loop capture and loop release from the RMS

traces by extracting the dwell times in looped and unlooped states, us-

ing a threshold method and appropriate exponential fitting as described

in section 2.4.4 [53, 58]. With this method, it is possible to evaluate

all four rates unambiguously, even though FokI has to bind to two re-

cognition sites prior to loop capture, by performing experiments with

different protein concentrations (0.5–10 nM) on a single construct (fig-

ure 3.3). The protein association rate that we find, 6± 1 · 106 M−1 s−1,

is a factor 10 below the rates typically reported for other REs [53, 58].

We find a protein dissociation rate of 1.0 ± 0.5 s−1, and rates for loop

capture and loop release of 1.0 ± 0.2 s−1 and 0.19 ± 0.01 s−1 , respect-

ively, all independent of protein concentration (figure 3.3, N> 25 DNA

molecules). FokI thus captures loops and dissociates from the DNA

more rapidly than previously studied REs [53,58].

Next, we set out to study the effects of DNA twisting rigidity on the

looping dynamics. For these experiments we used the IF constructs,

which predominantly loop with the 180◦ topology, and varied the dis-

tance between the two recognition sites. The distance between the re-

cognition sites is converted into actual loop sizes, by subtracting the

footprint of the DNA binding and/or hydrolysis domains (figure 3.1).

The measured loop capture and release rates were plotted as a function

of loop size (figure 3.8a , c, respectively). Both rates strongly vary with

inter–site spacing.

To capture a loop in the DNA, the catalytic domains of two FokI
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3. DNA rigidity and protein–induced looping dynamics
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Figure 3.7. FRET control experiments in Ca 2+ and Mg 2+. The in-

crease in fluorescence emission (∆F > 645 nm) is measured relative to that in

the absence of FokI. a. Two DNA molecules carried two directly–repeated FokI

sites 190 bp apart: one labeled at each end with an Alexa Fluor dye (546 or

647 cyan and purple circles), the other at only one end (upstream end with Al-

exa Fluor 647, black trace: downstream end with Alexa Fluor 546, red trace)

are introduced in the presence of Ca 2+. Both constructs gave a FRET sig-

nal, indicating that i. FokI generates a parallel synapse and ii. the construct

used in figure 3.6b is labelled correctly. b. Either two DNA molecules with

a single FokI site (black) or one DNA molecule with two inverted FokI sites

(190 bp apart, red) are mixed with FokI in the presence of Mg 2+. The fluor-

escence ∆F is normalised to the maximum signal of each reaction. For both

constructs, an increase in FRET was observed upon synapses of the sites, fol-

lowed by a decrease as the enzyme cleaves the DNA and releases at least one

fluorophore into bulk solution. The rate of the decrease, and therefore cleav-

age, was much faster for the two–site construct, on account of it looping the

intervening DNA rather than interacting in trans.
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Figure 3.8. FokI reaction rates as a function of loop size. The loop

capture and release rates from the IF series of constructs are plotted as func-

tions of: (i) the loop size (panels a and c respectively); (ii) the change in torque

(panels b and d). Black circles denote data from the intact DNA substrates;

blue triangles, the nicked (IFn) constructs; green squares, the gapped (IFg)

constructs. For the loop release rates, the data is separated for positive and

negative torque (filled and unfilled circles respectively). The rates vs torque

(panel c and d) are fitted with an Arrhenius law: the best fits are shown as red

lines in all four panels. Introducing a nick between the sites did not release any

torque within the loop. But upon introducing a gap between the two sites, all

torque effects are released and the rates become invariant with intersite spacing

(grey band shows the confidence intervals of a linear fit). This data shows that

loop capture is fastest when there is zero torque (grey band in panel a and b),

but loop stability is not necessarily enhanced by the absence of torque (grey

band in panel c and d), indicating that a limited amount of negative torque

stabilises the protein–protein synapse.
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3. DNA rigidity and protein–induced looping dynamics

monomers need to be aligned. However, due to the helical shape of the

DNA, the two domains might not be on the same side of the DNA.

Therefore, aligning the domains requires the DNA to be torqued by an

angle θ. This angle is set by the rotation required after completing the

number of full helical turns that gets the two sites nearest to the proper

alignment. Thus, it is directly related to 2π times the fraction of a

full helical turn that remains after dividing the loop length (L) by the

helical pitch (HP). The helical pitch was independently determined by

a global fit to all the capture and release rates, which gave a value of

10.6 ± 0.1 bps per helical turn (figure 3.9), in good agreement with many

previous studies [59]. The amount of torque (τ) that builds up in the loop

due to twisting angle θ can be then calculated using the determined HP,

if we assume that the twist is distributed uniformly along the DNA with

a certain twisting rigidity (C = 300 pN·nm2 [60]). In addition, we add

a preferred docking angle (ξ) to the twisting angle because the catalytic

domains might dock with a well defined angle between the interacting

proteins. The resulting equation for the torque on the protein induced

DNA loop is then given by

τ = C/L · (θ + ξ) (3.1)

Figure 3.8b shows the measured capture rates versus the calculated

torques fitted to the Arrhenius equation (k = k0 ·e(∆G/kT)). The good fit

indicates that the capture rate represents a single step across an energy

barrier. The height of the energy barrier is determined by the amount of

torque multiplied by an angle (∆G = φ · τ), where the angle represents

the position of the energy barrier with respect to the unlooped state,

when plotting the potential landscape as a function of torque. This

torque angle was found to be φcapture = 0.34 ± 0.06 rad. The preferred

docking angle, ξ, for the fit is 0 rad, indicating that the two catalytic

domains dock straight onto each other. Finally, we find that the loop

capture rate with zero torque on the DNA is 1.9 ± 0.2 s−1 (k0), while
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Figure 3.9. Reduced χ2 landscape for fitting the helical pitch to the

loop capture and release rates. The rates for loop capture and loop release

(both negative and positive torque) were measured on the same set of IF DNA

constructs. Each construct should thus have the same helical repeat. Therefore,

all three data sets are fitted to an Arrhenius law (figure 3.8) using a single

value of the helical pitch as a global variable. The entire reduced chi square

landscape for all variables was mapped to find the global minimum. Shown here

is the projection along the helical pitch axis, from which the global minimum

corresponds to the best fit to the data: it results in a pitch of 10.6 ± 0.1 bp per

helical turn. The error was established by finding the values that lies directly

to the left and right of the minimum at twice the reduced chi squared value.
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3. DNA rigidity and protein–induced looping dynamics

the capture rate with maximum torque is 0.6 ± 0.1 s−1, a three–fold

decrease.

Unlike loop capture, where the torque acts directly on the DNA to

affect the rate that the two binding sites come into proper alignment, the

loop release rate is influenced mainly by the torque felt at the protein–

protein interface. The measured release rates were analysed as a function

of loop length, which was subsequently converted to torque as above.

Even though the DNA itself responds identically to small changes in

either positive or negative torque [61], the protein–protein interface may

not. Instead, positive and negative torque may have different effects on

the stability of the protein–protein synapse, depending on the rotational

symmetry of the protein–protein complex relative to the direction of

the twist induced by the external torque. Therefore, the release rates

for over- and under–wound DNA were treated separately and fitted to

individual Arrhenius equations (figure 3.8d). The plot shows clearly

that negative and positive torque have a different effect on the stability

of the looped DNA complex, and this is reflected in the parameters of

the Arrhenius fits. The amount of twist that the protein can handle

before it is forced from the looped to the unlooped state is obtained

from the fit as φrelease+ = 0.35 ± 0.07 rad for positive torque and as

φrelease− = 0.5 ± 0.1 rad for negative torque, with a preferred docking

angle of ξ ∼ 3 bps. The clear difference shows that the distance to the

energy barriers for unlooping are indeed not symmetric with regards to

the direction of the experienced torque; the protein–protein synapse can

handle negative torque better than positive torque.

3.3.3. Dynamics without torque

According to the Arrhenius fits and from an energetic point of view, the

fastest loop capture will occur when there is no torque on the DNA, and

this should also result in the most stable loop (the lowest release rate).
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Yet this appears not to be the case as the dotted line drawn through

a local maximum in the loop capture rates (figure 3.8a) intersects with

the curve for the loop release rates (figure 3.8c) not at the expected

minimum but instead midway to a maximum. To solve this paradox,

we identified how the system behaves in the absence of torque. Using

three substrates with different inter–site spacings, we introduced first a

nick in the DNA between the FokI sites and then a 4 nt gap, to allow

the DNA to swivel and release any torsional effects. The nicked and the

gapped constructs were tested to confirm that they were indeed nicked

or gapped as anticipated (figure 3.2a,b respectively).

The introduction of a nick, had, surprisingly, no effect on either the

loop capture or the loop release rates of any of the three constructs

tested: they were all the same as their equivalent intact DNA (blue

data points figure 3.8a,c). On the other hand, the introduction of a

gap removed the periodical behaviour with respect to the loop size for

both loop capture and release rates, and gave invariant dependencies

that fitted to horizontal lines (grey bands in figure 3.8a,c: capture and

release rates at 1.52 ± 0.12 s−1 and 0.43 ± 0.03 s−1, respectively). As

expected, the capture rate for DNA without torsional constraint is equal

to the capture rate, when there are an integral number of helical turns

between the two sites, i.e. at the ideal spacing where there is no torque

on the DNA as the synapse is formed (dotted line). The same effect was

found for the DF constructs. The uniform release rates for the gapped

DNA constructs do not, however, correspond to the expected minimum

rate. Instead, the release rates on the gapped DNA lie between the

minimal and maximal rates found for the intact DNA. This result thus

shows that the absence of torque actually decreases the stability of the

looped state.

Next, we sought to deduce the loop size at which there is zero torque

on the protein–protein synapse. From figure 3.8c, this happens at the

intersection between the grey band and the Arrhenius fit (in red) on
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3. DNA rigidity and protein–induced looping dynamics

either the left or the right of the local minimum. Strikingly, the dotted

line drawn through the zero torque point for loop capture (figure 3.8a)

crosses the right–hand intersection between the rates of the gapped and

the intact DNA constructs (arrow in figure 3.8c). Therefore, the arrow

in figure 3.8c marks the loop size at which there is zero torque on the

protein–protein interface. This zero torque point is roughly 3 bp away

from the adjacent minimum in the observed release rates. This matches

the phase shift related to the preferred docking angle found for the syn-

apse (ξ ∼ 3 bps). All in all, these results suggest that the protein–protein

dimer is stabilised by applying some negative torque to the synapse.

With these results, we can now determine directly how much positive

and negative torque the protein complex is able to handle in a looped

configuration, by tracing the change in torque along the contours of the

Arrhenius fits in figure 3.8. When the system is in the looped state

with zero torque (arrow figure 3.8c) it can handle a positive torque of

∼ 5 pN ·nm before the peak on the right of the zero torque point is

reached. After that, it becomes energetically more favourable to release

half a helical turn. If instead we apply a negative torque of ∼ 6 pN · nm,

the DNA loop is fastened into its most stable position. Twisting the

protein complex even further, we find that the system can handle a

total negative torque of ∼ 24 pN · nm before it would be energetically

more favourable to shorten the DNA loop by half a helical repeat and

thus reversing the sign of the torque.

3.3.4. Bending topology of DNA

Following the above analysis of the influence of the twisting rigidity on

DNA looping, we now report on the role of DNA bending topology. Here,

we study the phase relationship of the capture and release rates between

the IF and DF constructs, with inverted and directly–repeated recog-

nition sites respectively, as a function of the spacing between the sites.
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Loop capture and release rates were measured for three DF constructs

varying in intersite spacing and compared to their IF counterparts (fig-

ure 3.10).
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Figure 3.10. Loop capture and release rates for identical loop size

but different site orientations. The loop capture and loop release rates for

three DF constructs (dark) and their IF counterparts (light) are plotted as a

function of the number of bp between the recognition sites. a. The histograms

of the loop capture rates show that the IF and DF substrates are out of phase

with each other. Loop capture for IF181 and IF190 is slow, while that for

IF185 is fast. The DF constructs show the reverse, fast capture for DF181

and DF190 and slow for DF185. b. In contrast, the loop release rates for IF

and DF substrates follow the same trend. In both IF and DF constructs, the

185 bp spacing gave a faster loop release rate than either the 181 or the 190 bp

separations. Error bars show standard errors of means.

The loop capture rates with the IF and DF constructs are out of phase

with each other (figure 3.10a). Hence, there should be a difference in

loop size of (n+ 1
2) helical turns between the two constructs. Due to the

different orientation of recognition sites, the catalytic domains of FokI

on the DF constructs are 31 bp further apart during loop capture than

on the IF constructs (figure 3.1). However, these 31 bps add 3 helical

turns (31/10.6) to the loop and thus do not explain the out of phase be-

haviour. The phase difference can, however, be explained by differences
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3. DNA rigidity and protein–induced looping dynamics

in loop topology. The DF construct forms the 360◦ DNA bend topology,

which induces an additional half helical turn upon loop capture. In con-

trast, the 180◦ DNA bend topology captured by the IF construct does

not induce any additional turns in the DNA. This difference in phase

again confirms our finding that FokI prefers a uniform recognition site

alignment, regardless of the site orientation on the DNA.

In contrast to the out of phase capture rates, the release rates of the

IF and DF loops are in phase when plotted against inter–site spacing

(figure 3.10b). We therefore expect the difference in loop size between

the IF and DF constructs to be an integral number of helical turns. The

parallel 360◦ topology of the DF constructs can result in loop lengths

that are either the same as that for the IF counterpart or 27 bps longer,

depending on which site the synapse is formed at (figure 3.1). The

difference in loop size therefore accounts for either no or 2.5 extra helical

turns. When including the half helical turn due to the 360◦ topology,

these alternate loops for the DF forms carry either 0.5 or 3 additional

turns compared to the equivalent IF loop. The observed phase match of

the release rates between the IF and DF constructs as a function of loop

length thus suggests that FokI generally traps the longer of the alternate

loops on the DF constructs. Though both configurations should be

accessible, trapping a longer loop is energetically more favoured than

a short loop which probably explains the preference for this particular

topology.

3.4. Discussion and conclusion

The ability of proteins to loop DNA is influenced by the bending and

twisting rigidity of DNA. Several studies have examined the effect of

twisting by varying the inter–site spacing between specific binding sites,

and looping ability was shown to vary periodically [55, 62, 63]. These

studies have so far focused on proteins that exist pre–assembled in solu-
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tion and contain separate surfaces for binding each site on DNA [24,

53, 63]. Here, we examine the restriction endonuclease FokI, which first

binds to individual sites with high affinity (Kd ≈ 4 nM), before asso-

ciating to a higher–order assembly with lower affinity (Kd ≈ 100 nM),

preferably by DNA looping. Using a combination of FRET and TPM,

and the fact that FokI recognises an asymmetrical sequence, we were

able to determine that FokI prefers to align its sites in parallel, resulting

in fixed topologies for both inverted (IF) and directly repeated (DF)

orientations. The dynamic nature of the FokI binding allowed us to

investigate how torque on the DNA influences loop formation (capture

rate) and how torque on a protein–protein interface has an impact on

the unbinding rate (release rate). In both cases, changing the length of

the FokI induced DNA loop exhibits a periodicity directly related to the

helical repeat of the DNA. Converting the loop sizes to torques allowed

us to examine the free energy needed for loop capture (∆G ∼ 1.5 kT,

maximal torque obtained from the Arrhenius fit). For comparison, we

calculate the energy stored in the bending of our DNA molecule, of

length L, with C the twisting rigidity of 300 pN · nm2 [60] as a function

of the amount of twist (θ in radians) by a simple theoretical estimation,

∆G = kT · C θ2

2L
(3.2)

which for our constructs gives a ∆G of the same order of magnitude

(∼ 6 kT). Previous studies on the Lac repressor showed a similar dif-

ference between measured and theoretical values of the free energy for

looping. It was suggested that the difference might be due to contribu-

tions of i) different loop topologies and/or ii) flexibility of the DNA or

protein [62]. Here, however, we force the FokI system to adopt a unique

topology by setting the orientation of the two recognition sites, which

deals with the first problem. Furthermore, we show that the protein

prefers a dimerization angle of zero degrees, leaving the second option
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as a possible explanation for the discrepancy between theory and exper-

iment.

The loop capture rate of FokI under maximum torque is 0.6 ± 0.1 s−1.

Interestingly, NaeI, SfiI and EclK18I all have slower loop capture rates ∼
0.1 s−1 [28,53,58]. The torque conditions in these published experiments

were not known, so the observed capture rates are unlikely to reflect

the lowest values at maximum torque. The reason for the relative slow

capture rates is probably due to the fact that both SfiI and NaeI act as a

single functional unit to bind first one site and then search for the second

site while remaining bound to the first. The enzyme Ecl18KI binds DNA

as a dimer and forms a loop by tetramerizing. The tetramerization

interface is also responsible for flipping out bases from the DNA and

might thus be a more complex interface to form than the FokI interface

that holds together its DNA loop. Thus, FokI induced looping, even

under torque, seems a very efficient process.

The analysis on the loop release rates revealed that the FokI synapse

does not respond symmetrically to torque. Surprisingly, the results show

that FokI can actually be stabilised by applying negative torque. Several

DNA looping proteins have been shown to increase their affinity several

orders of magnitude, when binding to negatively supercoiled DNA com-

pared to linear DNA, a mechanism similar to FokI [51]. Furthermore,

FokI has been shown to share sequence homology with TnsA, a part of

the Tn7 transposome system, which acts on supercoiled DNA, suggest-

ing an evolutionary explanation for the torque sensitivity in FokI [64].

Introducing a nick in the system did not influence either loop cap-

ture or release rates. This stands in contrast with some theoretical [65]

and experimental data [66, 67] that suggest that a nick fully releases

all torque in the system. It is also known that the introduction of

a nick in supercoiled DNA relaxes any perturbation in twist to form

the open–circle structure. However, the torque needed to induce su-

percoils in DNA, by magnetic tweezers for example, and therefore the
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torque present in supercoiled DNA is higher than the values found in

this study (> 30 pN · nm) [66]. The maximum twist generated by FokI

dimerization is half a helical turn, which apparently does not generate

enough torque to overcome base pair stacking interactions. The intro-

duction of a gap of 4 nt in the DNA loop resulted in the release of all

of the torque on the DNA molecule. The isotropical bending rigidity of

gapped DNA is 13 times smaller than intact duplex DNA [68]. Without

torque, the capture rate is maximised but, surprisingly, the release rate

is not minimised. The FokI synapse is thus actually stabilised by some

torque. A bond that increases its strength as the force on it increases

is already employed in biology: the catch bond [69]. However, this is to

our knowledge the first report of a torsional catch bond.

The directionality of the FokI recognition site enabled us to character-

ise the impact of different bending topologies on both loop capture and

release. The typical bending energy involved in a circular DNA loop of

lengths used in this study is around ∼ 15 kT [70]. Despite the different

loop topologies (180◦ and 360◦ bends), the maximum rate to capture a

loop remained the same. However, the release rate for the 360◦ bend

topology of the DF constructs is increased by roughly a factor of two.

So, it seems that the additional bending destabilises the protein–protein

synapse but does not alter the probability of the two recognition sites

coming into close contact.

To conclude, we show that FokI generates a single looped species

with both sites aligned in parallel orientation, independent of the site

orientation along the DNA contour. The loop capture and release rate

were shown to depend on the amount of torque on the DNA and on the

protein synapse. FokI even employs the torque induced by the DNA to

stabilise the DNA loop and thus enhance the lifetime of the protein–

DNA complex, possibly acting as a torsional catch bond.
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