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1. Abstract

1. Abstract

Homologous recombination (HR), the exchange of homologous sequences of deoxyribose nucleic

acid (DNA), is a process found in all kingdoms of life. In this work we investigate the mechanism

of recognition of homology (complementary DNA) during bacterial DNA double-strand (ds) break

repair with a biophysical approach. In Escherichia coli (E. coli) the fast and accurate search for

homologous sequences is mediated by the Recombinase A (RecA) protein. RecA is a member of

a family of ATPase proteins with two independent DNA binding sites and serves as an archetype

for this class of homologous DNA repair proteins. The 38kD RecA monomers assemble on single-

stranded (ss) DNA and form a nucleoprotein �lament (NPF) via their primary DNA binding site

(PBS), and they search homologous sequences in intact dsDNA via their secondary DNA binding

site (SBS). With a unique combination of magnetic tweezers and dual-bead optical tweezers, we

were able to manipulate single RecA-NPFs and single DNA molecules simultaneously. This allowed

us to probe the mechanics of homology recognition by establishing a single point of contact between

these molecules. We �nd that the interactions between the SBS of a RecA-NPF with intact dsDNA

are very weak. Our results indicate that, in contrast to the common doctrine, the RecA-NPF does

not actively destabilize the donor duplex, but that the �rst step in the recognition process is the

spontaneous formation of a bubble of ssDNA (dsDNA breathing). Stable joints were exclusively

formed when both strands of the donor duplex bind to one of the two independent binding sites in

the RecA-NPF. By investigating the interactions between RecA-NPFs and heterologous dsDNA we

show that nonspeci�c binding of bubbles is at least two orders of magnitudes weaker than homologous

interactions. In line with the picture of spontaneous breathing of dsDNA, we �nd that the speed

and strength of homologous pairing are strongly enhanced by negative torsional stress. Furthermore

we provide evidence that homology recognition can take place at any intermolecular contact point.

On the basis of our �ndings, we propose a model in which the �delity of the recognition process

is de�ned by the distance between the PBS and SBS of a RecA-NPF and their individual binding

a�nities to ssDNA.
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2. Introduction

2. Introduction

2.1. DNA Damages and Repair Mechanisms

From the identi�cation of DNA as the blueprint of life it is obvious that maintaining its stability is crucial for

a coherent genetic code. Mutations in genes critical for the regulation of the cell growth, for instance, can

lead to carcinogenesis [1]. Although DNA is extremely stable, endogenous failures in cell processes as well

as exogenous agents can in�ict various types of damage [1, 2]. Estimates of the number of DNA-damage

events in a single human cell range from 104-106 per day [3]. Cells react with di�erent responses to these

damages depending on their severity, ranging from apoptosis [4] to DNA repair [1, 2]. Throughout evolu-

tion prokaryotic and eukaryotic cells have developed di�erent strategies to repair di�erently damaged DNA.

Most harmful among DNA defects are double-strand breaks (DSB) induced by ionizing radiation, radiomimetic

drugs and oxygen radical species (exogenous) [5] or when replication forks encounter obstacles or single-strand

interruptions (endogenous) [6]. DSBs can interrupt the coding sequences of a gene, alter chromosome organi-

zation and perturb the systems that ensure correct DNA replication, chromosome packaging and chromosome

segregation [6].

Cells have adopted two mechanisms for the repair of DSBs: non homologous end-joining (NHEJ) and homol-

ogous recombination (HR). NHEJ is a pathway by which two DNA ends are ligated at regions of little or no

homology, which can lead to loss of information from the DNA because of resection of the broken ends [7]. HR

is a more reliable, error-free repair mechanism which is highly conserved between organisms from all kingdoms

of life [8]. In contrast to NHEJ, HR can also cope with free ends, when one end of a DSB is lacking [6].

The broken DNA molecule forms a synapsis with another undamaged DNA duplex of homologous sequence,

after which a combination of DNA synthesis and processing restores the broken molecule. The main reaction

during homologous recombination is the strand exchange between two homologous DNA molecules. Search,

recognition and exchange of complementary partners are driven by the RecombinaseA (RecA) superfamily of

ATPase conserved from bacteria to humans [6, 8]. The conservation of structure and function throughout this

family of recombinases allows the use of E. Coli RecA as a model for HR in humans [8, 9].

2.2. Recombinational repair in E. Coli

Three fundamental stages can be identi�ed in the process of homologous recombination [6, 8] (�g.1). A

presynaptical stage, where the DSB are prepared for the invasion into a intact dsDNA (�g.1a-c). The blunt

duplex end of the DSB is converted into a 3' single-strand overhang by resection of the 5'-end. In E. Coli

the protein complex responsible for this step is the RecBCD enzyme [10]. After the resection of the 5' end

single-strand, RecA assembles on the left over 3' overhang forming a helical nucleoprotein �lament (NPF)

[10, 11, 12]. The RecA-NPF catalyses the search and recognition of homologous counterparts. The formation

of a synapsis between the broken end and an intact DNA duplex (D-loop) upon encounter of a complementary

sequence is the second stage common to HR (�g.1d,e) [8, 10]. During the postsynaptic stage the D-loop can

either be converted to a Holliday junction (HJ) or disintegrated by releasing the invading RecA-NPF. In E.

Coli, RecG is thought to be responsible for the convertion of the D-loop into a HJ (�g.1f) [15] and RuvABC

proteins for the branch migration and cleavage of the HJ (�g.1g,f) [16]. Finally nicks are repaired by DNA

ligase revealing two separated DNA duplexes [10].
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Figure 1: Recombinational repair in E. Coli. a, a double-strand break occurs, is detected and the blunt duplex
end converted in a 3' single-strand overhang [10]. b, RecA assembles on the left over 3' overhang
forming a helical nucleoprotein �lament (NPF) [10, 11, 12]. c, the RecA-NPF catalyses the search
and recognition of homologous counterparts. d and e, strand invasion and formation of a synapsis
between the broken end and an intact DNA duplex (D-loop) upon encounter of a complementary
sequence [8, 10]. f, the D-loop can either be converted to a Holliday junction (HJ) (g) or disintegrated
by releasing the invading RecA-NPF (not shown).

2.3. The RecA Nucleoprotein Filament

The central reaction in HR is the strand exchange between two homologous DNA molecules governed by a

RecA-NPF. RecA has a primary (PBS) and a secondary (SBS) binding site. Assembly on single-stranded (ss)

DNA overhang is performed via the PBS (ssDNA·RecA). The 38kD RecA monomers bind to ssDNA forming

a helical NPF with 6.2 RecA proteins per turn and three nucleotides per RecA monomer [8, 12]. The NPF

formation is highly cooperative, and its nucleation requires the binding of �ve to six protomers [12]. No ATP

hydrolysis is needed for the NPF assembly [11]. In this work, a non-hydrolysable ATP analogue (ATP-γ-s)

is used as a cofactor for nucleoprotein �lament formation. The ssDNA in the PBS is in a highly deformed

conformation, stretched and underwound with 18.5 nucleotides per turn and an average rise of 5.1Å per

3



2. Introduction

nucleotide [11]. However, the spacing between single nucleotides is non-equidistant. The repeating unit of

the ssDNA is a group of three nucleotides locally arranged in a B-DNA-like conformation with an axial rise of

4.2Å [12]. The B-DNA-like conformation within the nucleotide triplet is compensated by a 7.8Å axial rise and

a left-handed twist of -42◦ from the last base of one triplet to the �rst of the next [12]. Filaments can also

form on dsDNA [13], in which case a similar conformation as for ssDNA is observed [12].
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PBS SBS Incoming 
DNA duplexHeteroduplex

ssDNA RecA
and single strand
of the incoming 
DNA duplex
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duplex bond to the 
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Figure 2: Structure of a RecA-NPF. a, schematic drawing of a RecA-NPF formed on a ssDNA interacting
with either homologous or heterologous dsDNA bond to the SBS. b, Resolved struture of a RecA
�lament formed on ssDNA according to [12]. The distance between the PBS and the SBS (24Å-
27Å) is indicated by a arrow.

Prior to the exchange the RecA-NPF locates a complementary DNA duplex without ATP hydrolysis [14].

Incoming intact dsDNA during homology search binds in �rst instance to the NPF via the SBS (RecA-

dsDNA). The local B-DNA-like structure of the nucletide triplet unit of ssDNA in the PBS restricts the search

of homology in the SBS bound dsDNA to Watson-Crick-type base pairing. A distance of 24Å- 27Å was found

between the RecA-NPF axis and dsDNA bound to the SBS (ssDNA·RecA-dsDNA) [12].
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2. Introduction

2.4. The Challenge of Homology Search

The speed and �delity of the search for homology by RecA pose a challenge from a mechanistic and thermo-

dynamic point of view. RecA-NPF's can detect very weak signals (short homologous sequences) in a large

heterologous background. It was demonstrated that the addition of 200'000 fold heterologous dsDNA does

not a�ect the e�ciency of the joint molecule formation in vivo [18]. Furthermore, the search of homology in

a large excess of heterologous sequences has to be successful within a cell's life cycle, implying a sampling

frequency of 103-104s-1 [19]. How the mechanism works which allows the RecA-NPF to conduct the search for

homology with such a speed while maintaining high-�delity remains a matter of debate. In this work we shed

light on the mechanism of search and recognition with a biophysical approach by establishing single points of

contact between RecA-NPF and DNA. We used a dual molecule assay to adress the following questions:

• What happens at the point of contact?

• Which mechanism allows fast search without energy consumption (no ATP hydrolosis required)?

• What provides the �delity of the recognition process?

5
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Figure 3: Example of a experimental assay. Two molecules are clamped by magnetic and dual-optical tweezers
(sec.3.1 and app.A). A dsDNA molecule is clamped between a magnetic bead and the bottom of
the �ow cell. The magnetic tweezers show ideal force clamp characteristics and provide access to
supercoils. A second molecule, a RecA-NPF, is tethered between two optical beads. The optical
tweezers enable movement of the two optical beads in three-dimension. Interactions between the two
molecules are probed by bringing the molecules into contact. Di�erent assays have been established
(�g.8) and various types of experiments have been performed (sec.3.4)

We have established a dual molecule assay by the combination of magnetic tweezers with dual-bead optical

tweezers (�g.3) [20]. The assay enables individual control of two single molecules. The dual-bead optical

tweezers o�er accurate three-dimensional manipulation of a molecule tethered between two optically trapped

beads. The magnetic tweezers can induce supercoils and act as a ideal force-clamp. In a magnetic tweezers

con�guration, molecules are at one end tethered to a trapped magnetic bead and on the other end to the

�owcell. The three-dimensional �exibility of the optical traps allows to bring the optically and magnetically

tweezed constructs into contact. In this way we performed di�erent types of experiments on various biological

constructs. The biophysical approach allows the measurement of the binding energies involved in the recogni-

tion process. By using the magnetic bead as a force probe, we performed force spectroscopy on single point

contact between RecA-NPF and DNA. Furthermore, we realized tribology measurements by sliding bare as

well as RecA covered DNAs across each other while destabilizing one of the molecules gradually.
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3. Material and Methods

3.1. Experimental Set Up

The main components of the setup are magnetic tweezers and dual-bead optical tweezers for trapping particles

and a multichannel �owcell in which the experiments are done. All motors, beam steering with the acousto-

optical de�ectors (AOD's), �ow speed through the �owcell, the output signals of the position sensitive detectors

(PSD's) and video microscopy by a CMOS camera are controlled by a custom made LabView program. In the

subsequent sections the general outline and major components of the setup are brie�y explained. A detailed

description can be found in J.F. den Blankens master thesis [20] and in the appendix A.

LED (green light)

Motor Stage

Magnet

Flow Cell

Objective

PSD

CMOS Camera

1064 nm

475 nm

Magnet
Holder

DM

90/10 BS

Lens

Pressure Box Interconnecting Valves

a

Syringes Flow Cell HolderTubing

a b

Figure 4: Experimental set up. a, schematics of the magnetic tweezers and parts of the optical tweezers (a
detailed description of the optical path can be found in appendix A and in [20]). A green LED
illuminates the �ow cell through a hole in the magnet holder. The magnet holder contains two
permanent magnets and is placed above the �ow cell holder. The �ow cell holder is �xed on a
moveable stage and placed on top of the objective, which is used for focusing of the laser beams
and collecting the scattered light of the beads in the �ow cell. b, front view picture of the magnetic
tweezers and �ow system. A pressure box with ten syringes is connected to the four inlets of the
�ow cell holder via valves.

3.1.1. Optical Tweezers (OT)

Dielectric, spherical beads can be trapped by focused laser beams if the gradient force pulling the particle

towards the focal point overcomes the scattering force pushing it away from that region [21]. Therefore, the

laser beam must be sharply focused by an objective with high numerical aperture (NA) to achieve a steep

gradient in the light (�g.4a) [22]. If the radius ropt of the dielectrical sphere is much larger then the wavelength

λ of the trapping laser (ropt � λ) than the optical forces can be described by ray optics (Mie regime)[23]. If

the ropt of the dielectrical sphere is much smaller than the wavelength λ of the trapping laser (ropt � λ) then

the optical forces can be calculated by treating the particle as a point dipole (Rayleigh regime) [23]. Here, we

7



3. Material and Methods

use a 4W, diode-pumped Nd:YAG laser system (Coherent Compass 1064-4000M) operating on TEM00 mode,

which creates a p-polarized Gaussian shaped laser beam of λ=1064nm (�g.4a). A combination of half-wave

plates and polarizing beam-splitters is placed directly after the laser creating two separated beams and thus

two individual traps. Each beam can be steered individually in x-, and y-direction with AODs, while the relative

z position can be controlled by a moveable lens in one of the beam paths (see appendix A). This allows the

user to freely manoeuvre the beads with respect to each other. Both beams are sharply focused by the same

inverted water-immersion objective, enabling simultaneous changes of both traps in z-direction.

Since the dielectrical polystyrene beads (SpheroTM, Streptavidin Polystyrene), used throughout the experi-

ments, have a radius ropt of ∼1µm, neither the conditions for the Mie nor for the Rayleigh regime are satis�ed.

In this intermediate regime electromagnetic forces can not be calculated analytically [24] and are thus deter-

mined experimentally [20]. For small displacments, the restoring force of the trap (in each dimension) on the

bead Fopt is proportional to the o�set from the equilibrium position x. In other words the trap acts like a

Hookean spring, while the characteristic sti�ness κ is proportional to the light intensity [20].

Fopt = −κx (1)

A calibration in lateral (xy-plane), and axial direction (z-axis) was performed in [20] and a maximum sti�ness of

κ=190pN/µm and κ=40pN/µm respectively obtained. Hereafter, we will refer to the dielectrical polystyrene

beads as optical beads.

3.1.2. Magnetic Tweezers (MT)

Superparamagnetic, spherical beads (Dynabeads R© MyOneTM, Streptavidin C1) perceive a force by an inho-

mogenous magnetic �eld B. A magnetic tweezers is simply realized by two permanent magnets closely spaced

in a magnet holder placed above a �owcell (�g.4). The magnetic �eld in x-, and y-direction is homogenous

on the scale of the radius of a superparamagnetic bead rmag (∼0.5µm). Thus the force acting on the super-

paramagnetic beads is exclusively directed in z-direction and depends on their relative magnetic permeability

µr and on the gradient of the magnetic �eld Bz exerted by the permanent magnets,

Fmag =
2πr3

mag

µ0

(
µr − 1
µr + 2

)
δBz

δz
(2)

with r the radius of the bead and µ0 the magnetic permeability in vacuum [26]. The height of the magnets

in respect to the �owcell and thus the magnetic force acting on the bead is motor controlled (�g.4a and

b). As for the optical traps, forces acting on a magnetic bead were determined experimentally. A tethered

magnetic bead behaves like an inverted pendulum [25], whereat Brownian �uctuations determine the horizontal

de�ection (∆x, ∆y) out of the equilibrium position. The analysis of the horizontal Brownian motion of the

particle permits measurement of the stretching force. Using the equipartition theorem, the vertical magnetic

force Fz can be evaluated through the simple formula

Fz =
kbTl
〈δx2〉 (3)

where kb is the Boltzmann constant, T the absolut temperature, l the end-to-end extension of the linking

molecule and
〈
δx2〉 the variance of the lateral �uctuations (x- or y-direction)[25]. In this work, we used two

di�erent sets of magnets. The magnet height versus force curves used for the calibration of the force exerted

on the superparamagnetic beads of rmag (∼0.5µm) are shown in �gure 5.

Due to an anisotropy in their magnetic polarization M, superparamagnetic beads have an easy axis of polar-

ization which enables the application of a torque Γ to the beads

8



3. Material and Methods
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Figure 5: Magnet heigth versus force curves. Two di�erent sets of permanent magnets were ap-
plied in this work. The exponential �ts (FMag.Head2=(6.8382±0.26)exp[(-0.62574±0.0312)·l],
FMag.Head1=(17.451±1.01)exp[(-0.93312±0.0657)·l]) are used to determine the force exerted on
a superparamagnetic beads of rmag (∼0.5µm) used throughout this work

Γ = M×B (4)

A second motor controls the rotation of the magnet holder and enables twisting and coiling of dsDNA (�g.4

and �g. 3). This is possible because the torque induced by the tethered molecule or by thermal �uctuations

is orders of magnitudes smaller than magnetically induced torque. A tethered superparamagnetic bead shows

ideal force-clamp characteristics and serves as a highly sensitive force-probe, with a resolution set by thermal

�uctuations (10 f N/
√

Hz). As from now we will be refer to superparamagnetic beads as magnetic beads.
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3. Material and Methods

3.1.3. Mulitchannel Flowcell

The dual molecule experiments were performed in multi-channel �ow cells [17]. The �ow cells used in this

work have four channels with individual inlets and a common outlet (�g.6). Fluids �ushed into single inlets

remain partitioned in the main channel due to the laminar character of the �ow. Hence, these multi-channel

�ow cells enable �ushing in and switching between di�erent types of substrates (bu�ers, DNA and beads)

while maintaining spatial separation. The four inlets are connected to a pressure box with ten syringes

addressable with interjacent valves, enabling fast substrate exchange (�g.4b). An over pressure of up to

1.8bar in the pressure box pushes the substrates through the �ow. In the four channels, di�erent �ow speeds

can be generated by choice of the diameter of the interconnecting tubings between syringes, valves and inlets

(�g.4b). The multichannel laminar �owsystem is fundamental to perform our experiments that depend on the

assembly of optical and magnetic constructs which require di�erent bu�er conditions at the same time. The

build-up of the di�erent constructs used throughout this work will be explained in the sections 3.2.4 to 3.2.7.

Magnetic Beads

Optical Beads

DNA

RecA
Outlet

Flow direction

Opt Beads
DNA

Mag Beads
RecA

Figure 6: Picture and schematic sample con�guration of the �ow cell. Four channels are adressable by indi-
vidual inlets. Fluids in the main channel remain separated due to the laminar character of the �ow.
Zoom-in of the main channel will be used throughout this work to emphazise the di�erent �ow cell
con�guration

The �ow cell is constituted by two glass slides and para�lm. Four holes for the inlets and one hole for the

outlet are drilled in one of the glass slides by a sandblaster and afterwards both slides are sonicated in ethanol.

Subsequently the second glass slide is being coated on one side with nitro cellulose (see app.B). The pattern

of the �ow cell is cut out from the para�lm prior to its deposition on the coated glass slide. The glass slide

with the holes is put on top and the whole sandwich structure sealed by heating up to 90◦C. Finally the �ow

cell is mounted in a custom made holder which enables the connection between inlets and valves.
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3. Material and Methods

3.1.4. Bead Tracking

Figure 7: Interference pattern of a bead at di�erent heights. a-d, di�erent ringpattern correspond to di�erent
z-position. Detection of the z-position of the beads by the CMOS camera is based on this principle.
e, image of a look-up table (LUT). The cross-section of the interference pattern is plotted for
increasing z-position. A calibration is achieved by focussing on a bead which stucks on the �ow cell
bottom, and subsequently defocussing with known step size (moving the objective by a piezo stage).
Figures taken from [20]

The �ow cell is illuminated through a small hole in the magnet holder by a green light emitting diode (LED)

which is placed above the holder. The tracking of the position of multiple beads (for both, magnetic and

optical) is based on the interference pattern created by the LED light and scattered light of the beads. The

objective which focuses the laser beams also collects the light (see 3.1.1) which is transmitted to a CMOS

camera (Falcon 1.4M100, Dalsa, 100Hz) via a dichroic mirror. Since the beads are spherical the interference

pattern on the camera is coaxial and distributed depending on the distance of the beads to the focal plane

of the objective (�g.7a-d). A centre-of-mass autocorrelation of the camera image allows for video microscopy

with a resolution of (3,8Å/
√

Hz).
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3. Material and Methods

3.2. Experimental Assay

Di�erent types of dual molecule experiments have been performed with di�erent types of constructs. RecA-

NPFs have been assembled on ds- and ssDNA tethered between two optical beads (optical construct) or

between the bottom of the �ow cell and a magnetic bead (magnetic construct). These constructs were

brought into contact with dsDNA and ssDNA leading to eight possible geometrical con�gurations. By the use

of either heterologous or homologous DNA the number of possible assays is doubled (tab.1). We performed

experiements on �ve di�erent assays shown in �gure 8.

Table 1: Possible RecA NPF-DNA dual-molecule experiments with either homologous or heterologous con-
structs. The geometrical con�gurations used in this work (�g.8) are highlighted

Magnetic Construct Optical Construct Magnetic Construct Optical Construct

H
et

er
o dsDNA · RecA dsDNA dsDNA dsDNA · RecA

dsDNA · RecA ssDNA ssDNA dsDNA · RecA
ssDNA · RecA dsDNA dsDNA ssDNA · RecA
ssDNA · RecA ssDNA ssDNA ssDNA · RecA

H
om

o dsDNA · RecA dsDNA dsDNA dsDNA · RecA
dsDNA · RecA ssDNA ssDNA dsDNA · RecA
ssDNA · RecA dsDNA dsDNA ssDNA · RecA
ssDNA · RecA ssDNA ssDNA ssDNA · RecA

In the subsequent section the formation of the di�erent constructs in the �ow cell is described. After a

short explanation of the steps common to the preparation of all experimental assays, speci�c details in the

construction of individual assays shown in �gure 8 will be examined. More speci�c protocols describing the

preparation methods can be found in appendix B.

dsDNA

heterologous dsDNA  RecA 

Assay 1

ssDNA

heterologous dsDNA  RecA 

Assay 2

dsDNA

ssDNA  RecAheterologous

Assay 3

dsDNA

ssDNA  RecAhomologous
Assay 5

dsDNA

homologous ssDNA  RecA 

Assay 4

Figure 8: All experimental assays formed within this work at a glance. RecA-NPF were formed on ds- and
ssDNA tweezed by magnetic or optical traps.
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3. Material and Methods

3.2.1. Getting Started

Prior to experiments the multichannel �ow cell is incubated with a solution of anti-Dioxigenin (anti-DIG) which

preferentially binds to the bottom glass slide coated with nitro cellulose. Anti-DIG is subsequently �ushed out

with and replaced by Bovine serum albunim (BSA). BSA is incubated before attaching the �ow cell to the

rest of the �owsystem to reduce non-speci�c binding between beads and �ow cell. Flow cells can be reused,

but have to be stored �lled with NaNO3 containing bu�er to prevent bacterial growth and reincubated with

BSA before experiments.

Optical constructs, the conjunction between optical beads and DNA, are realized by streptavidin-biotin bonds.

The beads are coated with streptavidin, enabling the attachment of biotinylated DNA ends. The optical beads

are washed in a high salt bu�er to extract dissolved streptavidin from the solution prior to being �ushed in.

This procedure increases the binding e�ciency between DNA and beads, since less biotin handles on the DNA

are occupied by free streptavidin.

Magnetic constructs are formed between the passivated, anti-DIG coverred bottom of the �ow cell and strep-

tavidin coated magnetic beads. Therefore DNA used to build magnetic constructs is biotinylated on one end

and has a DIG label on the other. As with optical beads, magnetic beads have to be washed before use which

is done in a low salt Tris bu�er (TE).

3.2.2. The Fishing Procedure

The optical beads do not require any further preparation after washing. Optical constructs are formed by

��shing� (�g.9). Two optical beads are trapped in the optical bead channel and subsequently moved to the

adjacent DNA containing channel (�g.9a). One of the beads (bead 1) iteratively approaches and recedes from

the other bead (bead 2) which is held �xed upstream to bead 1 (�g.9b-9e). Eventually DNA �owing by binds

with one of its biotinylated ends to the streptavidin coated bead 1 (�g.9c). By approching, the other end of

the �ow-stretched DNA can bind to the streptavidin coated bead 2 (�g.9c and d).

Opt Beads
DNA

Mag Beads
RecA

Opt Beads
DNA

Mag Beads
RecA

DNA Flow

DNA Flow

DNA Flow

DNA Flow

a

b

c

d

e

Bead 1 2

Figure 9: The �shing procedure. a, catching and aligning of two optical beads.b, forth and back movement of
bead 1. c, attachment of DNA to bead 1. d, binding of the other DNA end to bead 2. e, detection
of a tethered DNA molecule (bead 2 acts as a force probe by tracking its displacement from the
center of the trap (equilibrium position)
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3. Material and Methods

Successful catching of a single DNA molecule between the two optical beads can be detected by a displacement

of bead 2 from the center of the optical trap (�g.9d). This procedure where bead 1 �shes for DNA and bead

2 acts as a force-probe is called ��shing�. It can be distinguished between single and multiple DNA tethers

between the beads by the characteristic force-response of single DNA molecules upon stretching. Optical bead

catching and the �shing procedure have been automated to increase the general throughput of the experiments.

3.2.3. Tethering of Magnetic Beads

In contrast to the optical beads, magnetic beads are incubated with DNA before being �ushed into the �ow

cell. The distribution of bound DNA to the magnetic bead has to be fairly sparse to allow attachement of a

magnetic bead to the �ow cell bottom by a single DNA molecule. Hence, incubation prior to the experiments

is done with a low concentration of DNA in TE-bu�er. The DNA binds to streptavidin on the bead surface

with the biotin labels at one of its ends, leaving the DIG label on the other end accessible. The magnetic

beads are ready to be �ushed into the designated channel of the �ow cell (�g.6) after passivation of the

left-over, non-DNA occupied streptavidin on the bead surface with biotinylated BSA (bio-BSA). Passivation

should avoid unwanted binding of DNA attached to the optical beads, since formation of the optical construct

is also provided by streptavidin-biotin bonds. The �owspeed is adjusted such that the beads are able to settle

in the channel and eventually undergo speci�c binding to the bottom via antiDIG-DIG bonds. Subsequently,

non-sticking and non-speci�cally attached beads are �ushed out of the channel by TE-bu�er. Remaining

unbound magnetic beads attached to the bottom of the �ow cell act as reference for height measurements

between the bottom of the �ow cell and magnetic constructs (�g.10).

Figure 10: Example geometry after assay formation. a, schematics of the con�guration after the assembly of
the constructs. The magnetic and optical constructs are brought into contact at a single point.
Magnetic and optical beads are placed on the bottom of the �ow cell and act as height reference
for the tweezed constructs. b, top view picture of the bead con�guration during an experiment

The con�nement of the channels due to laminar �ow assures that the magnetic constucts are formed at the

designated locations (�g.6). The external magnets are dismounted during �ush in to avoid aggregation of the

magnetic beads at the top of the �ow cell which occludes the �eld of view.
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3. Material and Methods

3.2.4. Assay 1

The purpose of the assay described in this section is to probe interactions between RecA-NPFs formed on

dsDNA (48kb) and heterologous, coilable dsDNA (10kb) ((OT)dsDNA·RecA-heterologous dsDNA(MT)). The

RecA-NPF is tethered between the optical beads, while the magnetic tweezer is used to induce negative or

positive supercoils into the dsDNA as shown in �gure 8.

The con�guration of the �ow cell during the formation of this assay can be reconstructed with help of �gure 11.

In the beginning optical beads, dsDNA (48kb) in TE+-bu�er, only TE+-bu�er and prepared magnetic beads

are �ushed in (�g.11 step 1). Subsequently, coilable magnetic constructs attached by single dsDNA molecules

are searched and characterized. Distinction between single or multiple, coilable or non-coilable dsDNA is made

by analyzing the coiling behaviour (�g.14a). After locating of appropriate magnetic constructs, optical beads

are placed in their vincinity on the bottom of the �ow cell (�g.11 step 2). These act as height reference for

the optical beads (�g.10).

Opt Beads
DNA
TE - Buffer
Mag Beads

Opt Beads
DNA

Opt Beads
DNA

Inter. Buffer

Step 1 Step 2

Step 3

Opt Beads
DNA

Step 4
Inter. Buffer
Inter. BufferRecA

+ TE - Buffer+
TE - Buffer

Figure 11: Build up of assays with the RecA-NPF

tweezed between the optical traps

Following �shing (�g.11 step 2), the optical construct

is moved into the RecA channel where the distinc-

tion between single or multiple λ-dsDNA tethered

between the optical beads is made by force extension

curves (�g.13a). During this procedure the RecA

channel is �ushed with the same bu�er as used for

the λ-dsDNA solution. After characterization of a

single dsDNA between the two optical beads, RecA

containing bu�er is �ushed into the channel (�g.11

step 3). The rate of RecA �lament formation on ds-

DNA is dependent on the stretching force applied on

the DNA molecule (�g.15a). The λ-dsDNA·RecA-
NPF is maneuvered in proximity of the magnetic construct in the magnetic bead channel subsequent to the

successful formation (�g.11 step 4 and �g.10).

3.2.5. Assay 2

Instead of a 10kb heterologous dsDNA, in assay 2 ((OT)dsDNA·RecA-heterologous ssDNA(MT)) a heterolo-

gous ssDNA (7kb) is tweezed between �ow cell bottom and magnetic bead. This requires a di�erent preparation

of the magnetic construct.

Magnetic beads are washed additionally (to the standard procedure described in 3.2.3) in detergent containing

bu�er to increase the binding e�cency of single beads. It is necessary to do so, since the binding e�ciency

of ssDNA to the �ow cell bottom is low and beads which stick to each other reduce the number of usable

tethers. After incubation of the magnetic beads with dsDNA (7kb) which have the biotin and DIG label

on the same strand, one strand is chemically separated with NaOH. Thereafter, the dissociated strands are

washed out repetitively in TE-bu�er and the beads are passivated with bio-BSA. Subsequently, the beads are

�ushed into the designated channel of the �ow cell and appropriate tethers (single ssDNA molecules) are found

and characterized. Since ssDNA is not coilable, the characterization described in 3.2.4 is not applicable and

distinction of single and multiple ssDNA tethers is performed via their force response (�g.14b).

3.2.6. Assay 3 and Assay 5

While the same types of DNA are used, assay 3 ((MT)ssDNA·RecA-heterologous dsDNA(OT)) is the geomet-

rical inversion of assay 2 (3.2.5). Hence, RecA monomers do not assemble on λ-dsDNA tethered between two
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3. Material and Methods

optical beads, but on ssDNA (7kb) tweezed between the bottom of the �ow cell and a magnetic bead (�g.8).

This requires a change of the �ow cell con�guration (�g.12).

Opt Beads
DNA

Mag Beads

Opt Beads
DNA

RecA
Step 1 Step 2

Opt Beads
DNA

Opt Beads
DNA

Step 3 Step 4
Inter. Buffer Inter. Buffer

Inter. Buffer

TE - Buffer+ TE - Buffer+

TE - Buffer+

Figure 12: Build up of assays with magnetically tweezed

RecA-NPF

The magnetic beads are prepared and characterized

according the procedure presented for the build up of

assay 2. Here, RecA monomer containing bu�er is

�ushed into the same channel as the magnetic beads

leading to the formation of RecA-NPF on ssDNA

(�g.12 step 2). The mechanics of the assembly of

RecA on ssDNA is shown in �gure 15b. After full as-

sembly of a ssDNA·RecA-NPF, a low concentration

RecA bu�er (interaction bu�er) is �ushed into the

channel (�g.12 step 3). This should counteract the

disassembly of the RecA from the ssDNA observable

in bu�ers with no RecA. Before �shing for dsDNA

an optical reference bead is placed in the vicinity of an appropriate magnetic construct (�g.12 step 3). The

optical construct is moved into the magnetic bead channel after �shing (�g.12 step 4). The concentration

of RecA monomers in the interaction bu�er is so low that no �lament assembly takes place on the dsDNA

(48kb) construct (�g.24b).

The preparation and characterization of the constructs in assay 5 ((MT)ssDNA·RecA-homologous ds-

DNA(OT)) follow entirely the one described for assay 3. However, the heterologous ssDNA (7kb) magnetic

construct is replaced by 12kb homologous ssDNA to the middle section of the λ-dsDNA.

3.2.7. Assay 4

Assay 4 involves optically tweezed 20kb ssDNA·RecA and a homologous 10kb dsDNA magnetic construct

((OT)ssDNA·RecA-homologous dsDNA(MT)). The �ow cell con�guration in assay 4 does not di�er from the

one described for the assay 1 (�g. 11). Here, short homologous dsDNA (20kb) is used to produce ssDNA as

substrate for RecA-NPF formation.

After successful �shing for single dsDNA (20kb) force-driven strand separation is achieved by overstretching

(�g. 13b). The di�erence in force response of ds and ssDNA is highlighted in �gure 13b. The use of shorter

dsDNA is motivated by a higher throughput in ssDNA formation (48kb and 24kb have been tested). Longer

dsDNA is more likely to have nicks which lead to breakage of the molecule during force-driven strand separation.

The remaining ssDNA after strand separation is the substrate for the subsequent RecA-NPF formation. Like in

3.2.4 this is done by �ushing in free RecA monomer containing bu�er in the adjacent channel of the magnetic

bead channel (�g. 11). After formation, the RecA-NPF on ssDNA (20kb) is brought into the vincinity of the

magnetically tweezed heterologous, coilable dsDNA (12kb) (�g.10).
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3. Material and Methods

3.3. Biophysical Characterization of the Constructs

Next to the accurate three-dimensional manoeuvrability of the di�erent traps and the control of the bu�er

conditions, the characterization of the constructs prior to the experiments is of utmost importance. To avoid

artifacts, one has to make sure that only a single molecule is tethered in the optical and magnetic constructs.

In this section we describe how we con�rmed RecA �lament growth and how we distinguished between multiple

and single tethers and between ds- and ssDNA during the formation of the previously described assays.

3.3.1. Characterization of the Optical Constructs

Throughout the experiments, di�erent molecules were manipulated by the optical tweezers. These were bare

λ-dsDNA, RecA-NPF formed on λ-dsDNA and RecA-NPF formed on 20kb long ssDNA. Measurements to

discern between mutiple and single tethered DNA molecules between the optical beads were performed for all

of the three constructs. The well known force response of dsDNA upon stretching is a good parameter of

determination (�g 13) [28].
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Figure 13: Force versus extension curves. a, (λ-DNA) the elastic behaviour of dsDNA below 65pN is described
(0.1% accuracy) by a worm-like-chain (WLC) model (Lp∼50nm, L0=16.49µm). dsDNA·RecA-NPF
is ∼12 times sti�er and ∼1.5-fold elongated. b, (20kb) at 65pN dsDNA undergoes a conformational
transition (overstretching) towards 1.7 times it contour length, within one of the strands eventually
peels o� (force-induced melting). Above 65pN, ds- and ssDNA have equal extension (ssDNA-
regime). At ∼19pN ssDNA·RecA-NPF and ssDNA adapt the same average base length. Because
ssDNA·RecA is sti�er than ssDNA the extension of the �lament decreases with respect to ssDNA
above ∼19pN

The elastic behaviour of dsDNA reveals destinct regimes, which are probed by DNA stretching experiments.

The force response of dsDNA upon stretching to a overstretching plateau (∼65pN) [29],[30] can be described

by the worm-like-chain model (WLC) [31], [32].

At very low stretching forces F (F� kBT
Lp

) the DNA molecule behaves like a self-avoiding random walk, best

described by the model of a freely-joint-chain (FJC) with a contour length (L0)

F =
3kBT
2Lp

x
L0

(5)

with kB the Boltzmann constant, T the temperature, Lp the persistence lenght and x the end-to-end distance

of the DNA. The random walk behaviour refers to entropical e�ects. A polymer in aqueous bu�er adopts

a random coil con�rmation that maximizes its entropy [33]. The end-to-end x distance of the molecule is
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3. Material and Methods

therefore shorter than its contour length L0. Due to this conformational entropy the DNA molecule acts like

a hookean spring (entropic spring) at low pulling forces.

The end-to-end distance of the dsDNA approaches its contour length asymptotically at high forces (F� kBT
Lp

)

[34]. Thus, the WLC's relative extension tends towards 1:

x
L0
≈ 1− 1√

F
(6)

In this regime intrinsic e�ects of the dsDNA molecule govern the elastic response. The phoshpate backbone

of the dsDNA is stretched into a deformed conformation. Between those two extremes, there is no analyt-

ical formula for the force versus extension (FE) behaviour. Instead, an interpolation formula describes the

intermediate-force regime with an accuracy better than 0.1%

F =
kBT
Lp

[
x
L0

+
1

4(1− x
L0
)2 −

1
4
+

7

∑
i=2

αi

(
x
L0

)i
]

(7)

whith α2 = -0.516422, α3 = -2.737418, α4 = 16.07497, α5 = -38.87607, α6 = 39.49944 and α7 = -14.17718

[35].

The force versus extension curves are �tted with this numerical solution to extract the contour length L0
and persistence length Lp. Assuming an extension of 0.34nm per base pair, the calculated contour length

of λ-dsDNA (48502bp) and 20kb dsDNA are 16.49µm and 6.8µm respectively (�g.13a). The persistence

length of B-DNA at physiological conditions is is found to be ∼50nm in previous studies [36]. The number of

molecules stretched between the optical traps can therefore be determined by �tting the force response to the

numerical WLC solution. For example, two molecules tethered between the optical beads are twice as sti� as

a single molecule and as a consequence the persistence length is halved [34].

Under physiological conditions dsDNA undergoes a conformational transition at ∼65pN (�g.13b) and the

elastic response di�ers dramatically from the previously described asymptotical approach to the contour length.

The DNA elongates ∼1.7 times the contour length. The force required to reach the overstretching transition

depends on the stability of the DNA double helix and is thus sequence, salt, pH and temperature dependent.

The structure of the DNA during this overstretching transition (OT) remains a matter of debate. In one model,

the dsDNA cooperatively unwinds and loses the stability provided by base-pair stacking [37]. The bases of

the two strands are thought to remain paired in a di�erent conformation than Watson-Crick, viz. forming a

ladder rather than a double helix (S-DNA). In a competing model, the hydrogen bonds of the base pairs break

and single DNA strands are formed [38], [39]. The base pairs break spontaneously due to the force-induced

destabilization of the base stacking. Because base pair breakage is a cooperative e�ect one of the strands is

progressively unpeeled. It has been shown that the unpeeling of one strand from the other favorably initiates

from nicks or free DNA ends [39].

However, recent studies revealed that unpeeling (strand separation) or overextension (S-DNA formation) can

be selected by changes in molecule environment [40]. Reaching the end of the OT (at ∼1.7 times the contour

length ), the force response of the overstretched dsDNA converges to the one of ssDNA (ssDNA-regime,

�g.13b). By releasing the stretching force (from the end of the OT back to the <65pN regime) the DNA

undergoes the reverse transition. Three di�erent responses can be observed depending on bu�er conditions

and ramp speed: A slow hysteretic transition (one strand was partially unpeeled during OT and reanneals), a

fast non-hysteretic transition (either the DNA obtained S-conformation during the OT, the bases restack and

the B-DNA double helix is recovered faster than the time resolution or the reannealing of a partially unpeeled

strand is faster than the time resolution) and typical ssDNA force response (one strand was completely
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unpeeled during OT). The responses on reverse transition can be selected by tuning the bu�er conditions (pH,

ionicity, temperature) and the stretching parameters (ramp speed and waiting time in the ssDNA-regime).

The probability of unpeeling is increased at conditions which are known to destabilize dsDNA (low pH and

salt concentration, high temperature). We used a low salt, low pH bu�er (see app. B) and a waiting time,

wt, in the ssDNA-regime of 1s<wt<3s to form 20kb ssDNA by force-induced melting (�g.13b).

3.3.2. Characterization of the Magnetic Constructs

Six di�erent molecules were manipulated by the magnetic tweezers. These were bare 7kb ssDNA heterolo-

gous and 12kb ssDNA homologous to λ-dsDNA, RecA-NPF formed on 7kb and 12kb ssDNA, 10kb dsDNA

heterologous to λ-dsDNA and 10kb homologous to the previously described 20kb ssDNA optical construct.

As for optically tethered molecules is it crucial for all constructs to involve only one molecule. Determination

between magnetic beads tethered via mutiple and single dsDNA molecules was performed by the response of

the magnetic construct on torsional stress (�g.14a). dsDNA and ssDNA were distinguished by there di�erent

elastic response upon stretching (�g.14b).

The topology of dsDNA can be described by two quantities called twist and writhe. For torsionally constrained

(prevented from rotate freely) DNA the sum of twist Tw and writhe Wr becomes a topological invariant which

is called linking number Lk [41]

Lk = Tw + Wr (8)

The twist Tw of the molecule is the number of times the two strands of the DNA wrap around each other. For

relaxed B-DNA, the distance from crossing point to crossing point (pitch) of the double helix is known to be

10.5bp (∼3.4nm). In other words, the twist of a relaxed B-DNA molecule Tw0 is the number of helical steps

(Tw0=L0/3.4nm=bp/10.4). The writhe Wr counts the number of times the helix axis wraps around itself.

The canonical example of Wr 6=0 are the interwound structures of twisted phone cords. We are assuming that

torsionally relaxed DNA formes no coils or loops (Wr0=0). Hence, for relaxed DNA the linking number Lk0
is equal to the number of twists Tw0, Lk0= Tw0.

The behaviour of dsDNA under torsional stress can be described numerically by changes in the linking number

of relaxed DNA, Lk0. A DNA molecule is called supercoiled when Lk 6=Lk0. According to equation (8),

only changes in twist Tw or writhe Wr can account for an excess or de�cit in linking number ∆Lk=Lk-Lk0.
Thus, the di�erence in linking number can be stored by modifying the helical pitch (∆Tw=Tw-Tw0) and by

forming interwound structures called plectonemes (Wr 6=Wr0 6=0, �g.14). At a certain torsional stress (buckling

transition), the formation of plectonemes is energetically favoured over inducing or removing twist and Wr 6=0

(�g.14).The density of supercoils σ is de�ned as the normalized measure of the number of links added to or

removed from the molecule [36]

σ =
∆Lk
Lk0

=
∆Tw + Wr

Lk0
(9)

The molecule is underwound when σ < 0 (negatively supercoiled) and overwound when σ >0 (positively

supercoiled). Stretching of negatively supercoiled DNA prevents it from relaxing its torsional stress by writhing.

The only remaining alternative is to locally denaturate and thereby relaxing its twist partially (�g.14a) [32],

[42]. Local denaturation corresponds to the formation of a bubble along which the two strands are separated

and no longer wrap around each other. The linking number of a bubble is zero (σbubble = -1). This enables

a small denaturated region of the DNA molecule to absorb a large part of the linking number de�cit ∆Lk <0

[43]. The remaining non-denaturated parts of the DNA are nearly torsionally relaxed and thus behave globally

like torsionally relaxed molecules (�g.14a) [43].
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Figure 14: Rotation curves and force response comparison. a, rotation curves of 10kb dsDNA at 1.7pN and
0.4pN respectively (20mM Tris 6.85pH,5mM EDTA). At 0.4pN the DNA buckels at |σ| ∼ 0.005
respectively, and plectonemes are induced. At 1.7pN bubbles are induce for σ < 0, while the
buckling transition for positive supercoiling shifts to higher σ values (σ ∼0.02). b, di�erent force
response of ds- and ssDNA in magnetic tweezer constructs. The di�erence in extension and decay
time to the equilibrium position (e.g. from 10.6pN to 1.5pN) are used to distinguish between ds-
and ssDNA. Magnetic tweezer calibration (�g.5) and ramp velocity (1mm/s) allow to extract force
versus extension curves (Inset). The ds- and ssDNA have equal extension at ∼7pN.

This behaviour of underwound DNA allows to distinguish between single and multiple tethered magnetic beads

(�g.14a). The extension of single, negatively supercoiled DNA at high enough forces (depending on ionicity,

pH and temperature) is insensitive to changes in the molecules linking number. On the other hand, multiple

DNA molecules tethered to magnetic beads will braid around each other. Therefore the extension (the height

of the magnetic bead) will decrease by inducing negative turns even at high forces.

By anchoring both ends, linear B-DNA is prevented from rotating freely and equation (8) is valid. We realise

this in our assay by rotationally clamping the end of one strand to the bottom of the �owcell and the other end

of the other strand to the magnetic bead. Therefore we can modify the linking number Lk and have access to

plectonemes formation by rotating the magnetic beads (by rotating the external magnets) at low force (here,

0.4pN) and are able to induce bubbles by applying torsional stress at high enough force (here, 1.7pN)(�g.14a).

Discrimination of ds- and ssDNA was carried out by their di�erent force response upon stretching (�g.14b).

In force versus extension (FE) measurements the noise in x-direction is averaged over a certain time (usually

ranging from 1s-30s) and used to calculate (eq.(3)) the force acting on the magnetic bead in z-direction

(Fmag) at a certain height (extension). FE measurements can take up to 30min, depending on the accuracy of

the force determination and the number of recorded data points. Given the short lifetime of ssDNA magnetic

constructs, characterization by force versus extension curves limits the experimental throughput. Therefore,

the di�erence in contour length at a certain force and the di�erence in time reaching the equilibrium position

(decay time) from one force to another were used to distinguish between ss- and dsDNA (�g.14b). FE curves

can be extracted by use of the magnet position-force curve (�g.5) and the ramp speed of the magnetic tweezer

(1mm/s)(�g.14b).

3.3.3. RecA Nucleoprotein Filament Formation

RecA assembly on optically trapped λ-DNA was performed at constant forces. As mentioned before, dsDNA

in the PBS of a RecA-NPF elongates ∼1.5 times (�g.13, sec.2.3). A force feedback loop was implemented to
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3. Material and Methods

compensate the decrease in stretching force upon elongation of the dsDNA during RecA assembly. Figure 15a

shows the non-linear rate dependence of �lament formation on applied tension. The relative rate of extension

(∆Extension/Contour Length·Time) is accelerated near the overstretching plateau (> 50pN), indicating the

higher a�nity of RecA monomers to pre-deformed dsDNA (�g.15a). The inset in �gure 15a shows the

comparison of example traces of the RecA-NPF formation on λ-dsDNA at 55pN and 13.5pN.
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Figure 15: Force dependence of RecA-NPF formation. a, The relative rate of extension (∆Extension/Contour
Length·Time) depends non-linearly on the applied tension during the �lament formation. The inset
shows an example trace of fast RecA assembly on λ-DNA at 55pN. b, depending on the applied
tension, a (optically trapped 20kb) ssDNA·RecA-NPF is elongated or shortened with respect to bare
ssDNA. The data re�ects the length di�erence at certain forces before and after �lament assembly.
The red data point is the crossing of the ssDNA and ssDNA·RecA FE curves in �g.13b. The inset
shows the e�ect of TE and RecA containing bu�er exchange prior to the �lament formation on
magnetically tweezed 12kb ssDNA

Formation of ssDNA·RecA-NPF's was performed on optically and magnetically tweezed ssDNA. Depending

on the applied tension during RecA assembly the NPF is elongated or shortened (�g.15b) with respect to the

bare ssDNA. ssDNA·RecA have the same extension when the average base extension in ssDNA reaches 5.1Å

(depending on bu�er and tension) (�g.13b and �g.15b). Therefore, RecA assembly at ∼20pN shows no e�ect

on the contour-length, but only on the sti�ness. However, the sti�ness of ssDNA·RecA formed under ATP-γ-s

condition, can be lower than expected (�g.13b). It is possible that the �lament is not formed uniformly and

that parts of the ssDNA remain RecA free. To avoid this e�ect in vivo, active disassembly of the RecA is

driven by ATP hydrolysis after which continous �lament formation can initiate again. In our experiments,

hydrolysis driven disassembly does not take place since we use non-hydrolysable ATP-γ-s as a cofactor for

�lament assembly. The average base length of ssDNA depends strongly on the bu�er conditions. For example,

switching from a low to a high salt bu�er leads to a decrease in end-to-end distance due to the formation

of secondary structures. Therefore, the extension decreases upon �ushing out TE-bu�er (no salt) with RecA

containing bu�er (50mM NaCl, 1mMMgCl2) (inset of �g.15b). After the initial decrease, RecA assembly (in

case of the shown assembly trace at 8.5pN) start to extend the ssDNA.
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3. Material and Methods

3.4. Dual Molecule Experiments

Dual-molecule experiments were carried out on the assays described in the sections above (3.2.4-3.2.7). The in-

dividual manipualtion of two single molecules provides the possibility to perform di�erent types of experiments.

In this work we performed

• push-probe experiments to investigate binding energies between RecA-NPFs and DNA molecules by force

spectroscopy

• sliding experiments to quantify the friction between di�erent constructs

3.4.1. Push-Probe Type of Experiments for Force Spectroscopy
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Figure 16: Push-probe type of experiments. The optical construct is repetitively brought into contact with
the magnetic construct. Here an example assay with the RecA-NPF formed between the optical
beads is shown. a, schematic top-view drawing with the movements indicated by arrows. b, top-
view pictures of constructs out-of-contact (top) and in-contact (bottom). c, schematic side view
drawing with the movements indicated by arrows. The optical construct is brought into contact
with the magnetic construct (1 and 2). The optical construct is pulled back (4) after a certain
waiting time wt (3). Eventually binding between the molecules occured and the magnetic bead is
displaced from its equilibrium position (indicated with a red bar in 2 and 4). The bond ruptures
at a certain de�ection and the magnetic bead snaps back to the equilibrium position (5). d, data
of a push-probe experiment involving the traces of the transversal movement of the optical beads
(black trace, crossing of the equilibrium position of the magnetic bead is indicated with a red line)
and of the de�ection of the magnetic bead out of its equilibrium position upon pushing and probing
(blue trace, the di�erent stages of the push-probe movement according to c are indicated)
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3. Material and Methods

The optical construct is brought into contact with the magnetically tweezed molecule by a transversal move-

ment (�g.16). Eventually contact leads to the formation of a stable joint between the two molecules. If no

bond is created, the magnetic bead remains at its equilibrium position upon retraction of the optical construct.

If a bond is established, the magnetic bead will follow the movement of the optical construct and will be de-

�ected from the equilibrium position. The displacement of the magnetic bead out of its equilibrium position

can be measured and converted into the force which is acting on the bond at the rupture point. This enables

the possibility to perform dynamic force spectroscopy by repetitively probing the binding force at di�erent

pulling speeds (ramp speed). The height of the beads in respect to their references on the �ow cell bottom

and thus the height between optical and magnetic beads is kept constant.

3.4.2. Sliding Experiments for Friction Tribology
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Figure 17: Sliding type of experiments. The optical construct slides repetitively back and forth while being in
contact with the magnetic construct. Here an example assay with the RecA-NPF formed between
the optical beads is shown. a, schematic top view drawing with the movement indicated by arrows.
The molecules are arranged such that the magnetic bead in equilibrium position (indicated by a red
bar) is located in the middle of the sliding range (cartoon in the middle). The RecA-NPF is then
slid back and forth in lateral direction. b, top view pictures of constructs at left most (left) and
right most (right) positions during a sliding experiment. c, data of a sliding experiment involving
the traces of the lateral movement of the optical beads (black trace, crossing of the equilibrium
position of the magnetic bead is indicated with a red line) and of the de�ection of the magnetic
bead out of its equilibrium position during sliding (blue trace)

The optical construct is slid back and forth while remaining in contact with the magnetic construct (�g.17).

The movements in sliding experiments are performed in lateral direction, perpendicular to the movement

in push-probe type of experiments (compare �g.17 with �g.16). This enables possible interactions at every
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3. Material and Methods

contact position along the optical construct adressed by the sliding movement. The lateral displacement of

the magnetic bead from the equilibrium position during sliding is a measure for the strength of the interactions

between the two molecules. Eventually stick-slip behaviour as in tribology experiments is observed, indicating

binding and unbinding between the two molecules during the sliding movement. The displacement of the

magnetic bead due to stick-slipping can be converted into the corresponding force which is acting in lateral

direction on the magnetic bead. Thus, the standard deviation of the force acting on the magnetic bead is a

measure for the binding probability and strength between two molecules sliding across each other. The height

of the beads in respect to their references on the �ow cell bottom and thus the height between optical and

magnetic beads is kept constant. Sliding experiments were performed on all assays.

24



4. Results

4. Results

Experimental control (ramp speed, bead heights, scan range etc.) and data aquisition was performed with

a custom made LabView program. The three-dimensional control of the optical traps was used to establish

contact between two molecules (sec. 3.2). In all measurements, forces acting on the magnetic and the optical

constructs were determined by the de�ection of the magnetic bead out of its equilibrium position. Although we

use soft molecule linkers (ss- and dsDNA), the description of the magnetic construct as an inverted pendulum

[25] is valid in the here performed dual-molecule experiments (see below). Therefore, we can directly extract

the lateral (x- and y-direction) trap sti�ness kx (note kx=ky) from the applied force Fmag (known from the

magnet height, �g.5) and the height of the magnetic bead with respect to the �ow cell bottom l (equal to
the end-to-end distance of the linking molecule l, known from videomicroscopy), kx=Fmag/l. Data processing
during experiments was done in Matlab, postprocessing in OriginPro.

We �rst examined the interactions of heterologous dsDNA and ssDNA magnetic constructs with the SBS of

a RecA-NPF formed on dsDNA tweezed between optical beads (assay 1 and assay 2). We compared those

to interactions between a RecA-NPF with a ssDNA core tethered in the magnetic tweezer and a heterologous

dsDNA optical construct (assay 3). In the end we studied the interplay between homologous constructs. For

this purpose, the RecA-NPF was formed on a ssDNA magnetic construct and brought into contact with a

homologous dsDNA optical construct and vice versa (assay 4 and assay 5, tab.2, �g.8). In the subsequent

sections results from dual-molecule experiments on the previously introduced assays are presented one by one.

Table 2: The previously introduced assays which were realised in this work. In the subsequent sections results
from sliding and push-probe type of experiments on those assays are presented one by one

Assay Number Magnetic Construct Optical Construct
1 heterologous dsDNA dsDNA · RecA
2 heterologous ssDNA dsDNA · RecA
3 ssDNA · RecA heterologous dsDNA
4 homologous dsDNA ssDNA · RecA
5 ssDNA · RecA homologous dsDNA

4.1. Results: Assay 1

A model has been proposed where the RecA-NPF is thought to actively deform (underwind) an incoming,

undamaged dsDNA such that its conformation enables base pairing with the highly deformed ssDNA in the

primary binding site (PBS) of the RecA-NPF [48]. However, we could not detect any interaction between

λ-dsDNA·RecA-NPF and torsionally relaxed, 10kb heterologous dsDNA during push-probing and sliding exper-

iments (�g.18 and �g.19). The lack of detectable joint formation between the two molecules at low torsional

stress, provides �rst evidence that the RecA-NPF has no active role in binding dsDNA in a deformed confor-

mation. Since the PBS is occupied with a λ-dsDNA, there are no bases in the PBS accessible and interactions

with the incoming dsDNA are limited to the secondary binding site SBS of the λ-dsDNA·RecA-NPF. There-
fore, a more speci�c statement can be made: There is no active destabilizing role of the SBS observable if the

PBS is occupied with a dsDNA molecule.

The traces of push-probe experiments do not reveal any detectable interactions for torsionally relaxed 10kb

DNA (σ=0) (�g.18a). However, for increasing negative supercoil density (σ < 0) the probability of binding

between the λ-dsDNA·RecA SBS and 10kb dsDNA increases (�g.18b).
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Figure 18: No interactions at low torsional stress detectable. a, sample traces of push-probe type of exper-
iments reveal that the probability (number of snapping events/number of approaches) of binding
between the SBS of a λ-dsDNA·RecA-NPF and dsDNA (10kb) depends on the applied torsional
stress. Here, σ=0 and σ=-0.6 are shown (N=15). b, combined data of push-probe experiments
at di�erent negative supercoil densities shows that the probability of intermolecular interactions
between dsDNA·RecA and dsDNA depends on the applied torsional stress. (each data point N=10,
force loading rate=1pN/µm, Fmag=2.5pN)
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Figure 19: The secondary binding site has no destabalizing role. a, sample traces of sliding type of experiments
show the same trend like the data from push-probe experiments. Above σ=-0.2 thermal �uctuations
dominate the bead motion. The intermolecular friction increases for σ <-0.2, indicating binding and
unbinding between λ-dsDNA·RecA-NPF and dsDNA. b, the standard deviation of the measured
forces, SDF, increases as a function of negative torsional stress. The deviation in force approches
the thermal noise force (∼80fN) at low negative supercoil density (each data point N=10 sliding
movements, scan range=4.965µm, Fmag=2.5pN, bandwith=50Hz)

Data of sliding experiments show the same trend: the increase in friction (stick-slipping) at negative supercoil

densities higher than |σ| ≈0.2, indicates intermolecular binding and unbinding. At negative torsional stress

lower than |σ| ≈0.2 and Fmag=2.5pN, frictionless sliding is observed and the force that acts on the magnetic
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bead is set by thermal �uctuations (�g.19). The standard deviation of the measured force SDF (∝ de�ection of

the magnetic bead out of the equilibrium position as a function of the supercoil density σ) becomes larger than

the thermal noise for σ <-0.2 (�g.19b). At high magnetic forces (Fmag=2.5pN) denaturation compensates

the applied negative torsional stress on the 10kbp dsDNA. From the strong dependence of intermolecular

interactions on the negative supercoil density of the dsDNA at high force (Fmag=2.5pN), we conclude that

the SBS of the λ-dsDNA·RecA-NPF has a preference for ssDNA over dsDNA.
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Figure 20: End-to-end distance versus supercoil density. Rotation curves of 10kb dsDNA measured in and out
of contact with a dsDNA·RecA-NPF reveal no evidence for active local unwinding of heterologous
dsDNA (10kb) (We repeated this experiment four times). The rotations curves overlap over the
entire range at high (Fmag=1.9pN) and low force (Fmag=0.7pN)

At low force (Fmag=0.7pN) and negative torsional stress the 10kb DNA buckles and formes plectonemes

(�g.20). Local unwinding of the 10kb construct by interaction with the SBS would have an e�ect on the total

number of links of the DNA molecule. For example, unwinding of one helical turn corresponds to a reduction

in the twisting number of one (∆Tw=-1). However, the linking number of the construct is invariant, since

the 10kb dsDNA is torsionally constrained (clamped between the bottom of the �ow cell and the magnetic

bead) (sec. 3.3.2). As consequence, a positive change in writhe has to compensate the reduction in twist

(∆Wr=+1 for ∆Tw=-1). In other words, local unwinding of negatively supercoiled DNA at low stretching

force (Fmag=0.7pN) by interactions with the SBS of the RecA-NPF would lead to the release of loops in

plectonemes in other parts of the molecule. Therefore the end-to-end distance of the dsDNA would change

depending on the size and the number of released loops (∆lloop ≈50nm). We did not �nd any di�erence in

the length versus coiling behaviour of heterologous 10kb dsDNA in and out of contact with a dsDNA·RecA
nucleoprotein �lament. In other words, contact between the two constructs did not lead to a change in the

end-to-end distance of a negatively supercoiled dsDNA (σ <0, Fmag=0.7pN). We therefore conclude, that

the interactions between the SBS of a λ-dsDNA·RecA-NPF and a heterologous dsDNA do not lead to local

unwinding of the incoming dsDNA as suggested by data from bulk assays [48].
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4.2. Results: Assay 2

We con�rmed the preference of the SBS for ssDNA over dsDNA between optically clamped dsDNA·RecA and

magnetically tweezed 7kb heterologous ssDNA. Push-probe experiments showed consistent binding between

the secondary binding site (SBS) of the λ-dsDNA·RecA-NPF and incoming ssDNA (�g.21a). This allows

dynamic force-spectroscopy (DFS) measurements by iteratively estabilishing and ruptering the intermolecular

bonds at di�erent ramp speeds. Again, the measured signal is the de�ection of the magnetic bead out of the

equilibrium position. Since the NPF is formed on heterologous dsDNA (λ-dsDNA·RecA), only interactions

between the SBS and ssDNA are probed.
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Figure 21: Force-spectroscopy on SBS-ssDNA bonds. a, a trace aquired from push-probe experiments between
dsDNA·RecA and heterologous ssDNA shows consistent binding. b, de�ections of snapping events
for di�erent push-probe speeds (ramp rate) are distributed, since the rupture of bonds is a stochasic
process. Slower ramp rates lead to narrower distributions and smaller most probable rupture de�ec-
tions. c, de�ection distributions can directly be converted into rupture force distributions, where
the most probable rupture force is given by the maximum of the distribution. d, the characteristic
bond lifetime τ0=0.2s and minimum-to-barrier distance xb=2.4676nm can be extracted by Dudko's
analysis [46]

Non-covalent bonds like SBS-dsDNA have limited, characteristic lifetimes τ0 and spontaneously dissociate

(ko�=1/τ0). Spontaneous unbinding on the time scale of our push-probe measurements (50-100Hz), is

thermally activated. Therefore, a Boltzmann ansatz can be used to describe the lifetime by the natural

oscillation frequency τosc (frequency of attempts, set by the thermal energy kBT, to overcome the energy

barrier, set by the binding energy Eb), τ0 = τoscexp
[

Eb
kBT

]
. If, upon contact, a bond between λ-dsDNA·RecA-

NPF and the ssDNA is established, than retraction of the optically tweezed �lament will excert a force on the

SBS-ssDNA bond and as a result the lifetime of the bond will be shortened. In the framework of an energy

landscape, a bond can be pictured as a local, three-dimensional potential well. Hence, there are many paths

out of this energy minimum, which can di�er in barrier height and distance of the bottom of the well to the

top of the barrier (along a certain path). We are choosing the path of escape and thus the reaction coordinate

by applying a force in a certain direction, e�ectively reducing the three-dimensional potential well to a single

energy barrier. The lifetime of a bond loaded with a force depends on the characteristic lifetime τ0, the applied

force f and the minimum-to-barrier distance x† [44]

τ( f ) = τ0exp
[
−x† f
kBT

]
(10)
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We are applying a constant ramp rate (the optical traps move with constant velocity 600nm/s-11µm/s).

Furthermore, we make use of a constant force loading rate,dF/dt=Ḟ, although we are using molecular linkers

with a non-linear elastic response. Two e�ects allow us to approximate the force loading rate as constant. First,

thermally activated contributions a�ect mostly the region near the dissociation point. Second, in the regime

of the applied magnetic force (Fmag=13.2pN), the elastic response of the ssDNA over the range of measured

magnetic bead de�ections (max. 3µm) is small. We are therefore able to directly convert the measured

de�ection ∆x of the rupture events (�g.21a) into the corresponding rupture force, Fx,rupture ≈ kx∆x =
Fmag

l ∆x.

The rupture of the bond itself is a stochastic process and the rupture de�ection p(x) (�g.21b) and force

p(F) (�g.21c) are therefore distributed. The probability of bond survival N(t) is expressed in a �rst-order

rate equation, Ṅ=−ko f f (F(t))N(t) [44]. The most probable rupture force is then given by the maximum

of the distribution p(F). The distribution of the rupture forces is related to the distribution of lifetimes by

-Ṅdt=p(F)dF [45] and for a constant loading rate Ḟ 6= Ḟ(F) given by

p(F) =

exp

[
F∫
0
(Ḟτ( f ))−1 d f

]
Ḟτ(F)

(11)

The width of the distribution increases with the loading rate Ḟ and becomes narrower at lower loading rates

closer to the equilibrium (F=0) (�g.21b shows p(t) for 1.1µm, 5.5µm and 11µm, p(t) ∝ p(F)). The rupture

force histogramm for a constant force loading rate of 25pN/s is shown in �gure 21c (N=84). From the relation

of p(F) with the loading rate Ḟ and lifetime at a constant force τ(F) (eq.11), one can extract the bond lifetime

at a constant force τ(F) in terms of p(F) and Ḟ [46]

τ(F) =
∞∫

F

p( f )d f
[Ḟp(F)]

(12)

This equation shows how rupture-force histograms p(F) measured at di�erent loading rates (here, Ḟ=5pN/s,
12pN/s, 25pN/s and 50pN/s) can be directly transformed into the force dependence of the lifetime τ(F),
as it would be measured in a constant-force experiments [46]. According to equation (12), data obtained at

di�erent constant loading rates Ḟ must collapse onto a single master, curve in case the kinetics at a constant

force behave like a single-exponential (eq.10). The slope of the single-exponential in a semi-log plot is then

equal to the xb and by extrapolating the single-exponential towards F=0, one can obtain the natural lifetime

at zero force τ0 (�g.21d). We extract a minimum-to-barrier distance of 2.5nm and a natural lifetime of 200ms

from our DFS measurements on bonds between the SBS of a λ-dsDNA·RecA NPF and a ssDNA molecule

(Fmag=13.2pN, bu�er conditions [20mM] Tris-HCl bu�er (pH 6.85), [10mM] NaCl, [13mM] MgCl at 21◦C).
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4.3. Results: Assay 3
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Figure 22: Comparison of interactions between heterologous dsDNA and heterologous dsDNA and ssDNARecA
show no evidence for active destabilization. a, sliding of dsDNA across ssDNA. Binding requires
stretching forces close to the overstretching plateau. b, sliding of λ-dsDNA across a ssDNA·RecA-
NPF. Stable joint formation requires comparable tension on the dsDNA as binding between bare
ssDNA and dsDNA

In assay 3, an optically clamped is brought into contact with a RecA-NPF formed on a magnetically tweezed,

heterologous ssDNA (7kb). Therefore, we could not induce supercoils in the dsDNA and hence lacked the

capability to destabilize dsDNA using torsional stress. Instead, the λ-DNA molecule was gradually destabilized

by increasing the stretching force. We performed push-pull and sliding experiments at di�erent stretching forces

to investigate the e�ect of destabilization of the incoming λ-dsDNA on the interactions with the ssDNA·RecA-
NPF. However, the RecA-NPF is formed on a ssDNA molecule heterologous to λ-dsDNA. Hence, base pairing

between destabilized λ-dsDNA and ssDNA in the PBS can be excluded. In other words, the intermolecular

interactions are governed by the SBS of the ssDNA·RecA-NPF. Assay 3 can therefore be compared with assay

1, which allows direct investigation of the e�ect of the presence of ssDNA in the PBS (assay 3) instead of

dsDNA (assay 1).

Figure 22 compares the stretching-force dependence of the friction measured in sliding experiments between

7kb ssDNA·RecA and λ-dsDNA and between bare 7kb ssDNA and λ-DNA respectively. We could not detect

any evidence of intermolecular interactions between 7kb ssDNA·RecA and λ-dsDNA below tensions of 40pN

(�g.22). We �nd no evidence that interactions with SBS of a RecA-NPF formed on ssDNA actively destabilize

incoming heterologous dsDNA, whether the Rec-NPF is formed on ss- or dsDNA. Therefore, we exclude an

allosterical e�ect of the type of heterologous DNA (ss or ds) in the PBS on the binding properties of the SBS.

Active unwinding of the incoming dsDNA by interactions with the SBS, such that its conformation enables base

pairing with the highly deformed ssDNA in the primary binding site (PBS), would require several kbT of defor-

mation energy (to overcome base pair stacking and locally stretching to match the conformation of the ssDNA

in the PBS). If this is the case, than the energy gain upon binding to the SBS must overcome the deformation

energy and we could measure stable bonds between relaxed dsDNA and heterologous ssDNA·RecA-NPF's. We

�nd the requirement of destabilization for stable joint formation between RecA-NPF's (ssDNA·RecA in assay

3 and dsDNA·RecA in assay 1) and heterologous dsDNA. Therefore, we conclude that the RecA-NPF has no

active role in binding dsDNA in a deformed conformation in the early events leading to recognition.
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4.4. Results: Assay 4

The measurements on assay 4 involve a 10kb dsDNA, tweezed in the magnetic trap and a homologous 20kb

ssDNA·RecA-NPF, tethered between the optical beads. The single-stranded optical construct was formed by

force induced melting as previously described (sec. 3.3.1). We investigated the dependence of the binding

probability on torsional stress by push-probe type of experiments. Two major observation can be made. First,

we �nd that negative supercoiling (Fmag=0.68pN) strongly enhances the binding probability. We observed

binding events for torsionally relaxed dsDNA (p=0.2, N=20, σ=0) and a rapid increase of the binding prob-

ability with minor changes of the supercoil density (p=0.75, N=20, σ=-0.005) (�g.23a). Consistent binding

was detected at low negative torsional stress (p=1, N=16, σ=-0.015). We can compare the here aquired

data with the data obtained on assay 1 ((OT)dsDNA·RecA-heterologous dsDNA(MT)), since in assay 1, only

interaction with the SBS are involved and thus it has no in�uence whether the constructs are complementary or

not. In contrast to assay 1, here we formed the RecA �lament on homologous ssDNA, allowing complementary

base pairing between the triplet units of the ssDNA in the PBS and incoming dsDNA. We conclude that the

large di�erence in the negative supercoil dependence originates from the availability of complementary base

pairing.
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Figure 23: No interactions at low torsional stress detectable. a, the probability of binding between
ssDNA·RecA-NPF and homologous dsDNA strongly depends on the applied torsioanl stress on
the dsDNA. The inset is a comparison with �g.18b. The large di�erence in the negative super-
coil dependence between heterologous (assay 1, blue data points) and homologous (assay 4, black
data points) constructs originates from the availability of complementary base pairing . b, the
lateral noise on the magnetic bead (averaged over 4s) during the waiting time before retraction in
push-probe experiments (�g.16, while the ssDNA·RecA �lament is in contact with the magnetically
tweezed dsDNA), decreases with increasing negative torsional stress (blue curve). The binding
probability upon retraction (black curve, data from a) is negatively correlated with the noise level
before retraction

We further compared the noise levels during the waiting time (4s) before retracting the ssDNA·RecA-NPF from

the dsDNA magnetic construct (�g.23b). We know from the force spectroscopy measurements on assay 2, that

the characteristic lifetime of SBS-ssDNA bonds is τ0 ∼200ms. Hence, the lifetime of the interactions measured

must be larger, because we assume that complementary base pairing contributes an additional binding energy

(measurements were performed in the same bu�er conditions [20mM] Tris-HCl bu�er (pH 6.85), [10mM] NaCl,
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[13mM] MgCl and at the same temperature, 21◦C). However, averaging the noise level while being in contact

gives a measure for the binding probability, assuming that the natural o�-rate k0 is lower than the sampling

frequency of the camera (50Hz). Indeed, the averaged noise level (4s) before pulling the RecA �lament out

of contact decreases with increasing negative torsional stress on the dsDNA (Fmag=0.68pN). This indicates

more bonds are established during the 4s waiting time for negatively supercoiled DNA.

Second, the most probable rupture forces at aligned (homologous sequences of the 20kb long ssDNA·RecA-NPF
and of the incoming 10kb dsDNA encounter each other at the point of contact) and misaligned (homologous

sequences are on one strand are not in close vincinty to each other) positions di�er. The data set of snapping

events which we obtained is to small to allow further analysis (N=14 for aligned and N=27 for misaligned

positions). Nevertheless, preliminary data shows the expected trend: Higher rupture forces (longer loading

times) for aligned homologous counterparts.
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4.5. Results: Assay 5

Structural destabilization of dsDNA interacting with the secondary binding site of a RecA-NPF might also be

driven by ATP hydrolysis. We are able to exclude this possibility by direct comparison of interactions between

magnetically tweezed (12kb) ssDNA·RecA and λ-DNA under ATP-γ-s [0.3mM] and ATP [0.3mM] conditions.

Sliding type of experiments were �rst performed in ATP containing bu�er, since non-hydrolysable ATP analogs

(like ATP-γ-s) stick to the binding pocket and do not allow binding of subsequently �ushed in, hydrolysable

cofactors (like ATP).
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Figure 24: Comparison of sliding experiments of λ-dsDNA across a homologous ssDNA·RecA-NPF under
ATP and ATPγ-s conditions. a, the number of events per sliding movement shows a reciprocal
dependence on the ramp rate. The binding probability (number of events) shifts towards higher
values for higher tension on the dsDNA. b, the binding probabilities remain under both conditions
(ATP versus ATPγ-s) the same. A in�uence of ATP hydrolysis on the joint formation can therefore
be excluded. The binding probability per sliding movement increases under both conditions with
increasing stretching force on the λ-dsDNA molecule.The inset shows that the ssDNA·RecA NPF
remains stable in a 17nM RecA background (blue line is a guide for the eye )

Sliding experiments show the same trends between experiments on di�erent pairs of molecules. However, a

quantitative comparison between measurements on di�erent pairs of molecules requires extensive statistics. On

the other hand, experiments under di�erent conditions (ATP versus ATP-γ-s) on the very same molecules asure

comparability but pose several experimental challenges. The limited lifetime of the ssDNA·RecA magnetic

constructs makes it di�cult to aquire full data sets in both environments. Under both conditions, a low

concentration RecA background is needed to counteract the disassembly of RecA from the ssDNA. RecA

assembly on the double stranded λDNA is known to be enhanced under ATP conditions [13]. We found that a

RecA background of [17nM] meets both requirements: No RecA assembly on dsDNA while the ssDNA·RecA-
NPF remains stable (�g.24b).

No intermolecular interactions between ssDNA·RecA and relaxed, homologous λ-DNA were observed. As for

sliding experiments on assay 3 ((MT)ssDNA·RecA-heterologous dsDNA(OT)), λ-DNA was gradually desta-

bilized by increasing the stretching force. No di�erence in force dependence between ATP and ATP-γ-s

conditions has been found (�g.24a, each data point N=20 sliding movements, scan range=3.2µm±0.1µm).

Hence, we conclude that ATP hydrolysis plays no role in SBS interactions with incoming dsDNA. The abscence

of interactions of RecA-NPF formed on both, ss- and dsDNA, with relaxed heterologous or homologous dsDNA
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under ATP andATP-γ-s conditions, leads to the conclusion, that dsDNA is not actively destabilized, but that

spontaneous denaturation in the incoming dsDNA govern SBS-dsDNA interactions.

Figure 24a (each data point N=20 sliding movements, scan range=3.2µm±0.1µm) shows the dependence of

detectable binding events on ramp speed under ATP conditions. The scan range was kept constant, while the

ramp rate (vramp) was varied. Hence, the contact time at a certain point along the λ-dsDNA decreases with

increasing vramp, contact time∝1/vramp. The probability of binding between the homologous ssDNA·RecA-
NPF and a certain point along the λ-dsDNA depends on the time that point is in contact with the RecA-NPF,

binding probability∝contact time. Hence, the number of events per sliding movement show a reciprocal

dependence on the ramp rate (�g.24b, �t for 8pN: N(events)=1/((0.0299±0.00363)+(0.0642±5.08686E-
4)*vramp, �t for 40pN: N(events)=1/((0.01941±0.00273)+(0.0228±2,89814E-4)*vramp).
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5. Discussion

5.1. Interpretation of the results

RecA-NPFs are the mediators of the strand exchange in homologous recombination (sec. 2.2). To replace the

resected strand of the damaged DNA, one of the strands of an incoming DNA duplex must have access to the

bases of the ssDNA overhang in the PBS of a RecA-NPF (�g.1). Hence, experiments performed on RecA-

NPF's formed on dsDNA do not allow for investigation of interactions between DNA in the primary binding

site (PBS) and the secondary binding site (SBS). The bases of the dsDNA in the RecA-NPF are paired and

thus inaccessible. Therefore interactions between the constructs in assay 1 ((OT)dsDNA·RecA-heterologous
dsDNA(MT), sec. 4.1) and assay 2 ((OT)dsDNA·RecA-heterologous ssDNA(MT), sec. 4.2) are restricted

to the SBS. In other words, the results of push-probe and sliding experiments on these assays give a direct

measure of the interaction between the SBS of a RecA-NPF and dsDNA and ssDNA respectively (hereafter,

SBS-dsDNA and SBS-ssDNA).

Within the resolution of our experiments, we could not detect any formation of SBS-dsDNA bonds during

push-probe experiments. However, consistent binding of ssDNA to the SBS of the dsDNA·RecA was observed.

We therefore concluded in line with previous studies, that the SBS has a strong preference for ssDNA over

dsDNA [47]. In fact, from the inability to resolve dsDNA-SBS bonds, we conclude that these interactions are

at least two orders of magnitude weaker than SBS-ssDNA interactions. To provide further evidence, we locally

denatured the magnetically tweezed dsDNA in assay 1 by underwinding it (�g.18a). Indeed, the probability of

binding events between the underwound dsDNA and the SBS increased with decreasing supercoil-density (σ <

0 ), pointing towards a preference for ssDNA. Furthermore, sliding experiments showed the same behaviour:

friction between dsDNA·RecA and dsDNA increases with decreasing supercoil-density, (�g.19). These �ndings

are true for heterologous as well as for homologous dsDNA in the PBS, since only bonds with the SBS were

probed.

G

G
A
C

G
C

T
C
G

G
G

A

A
A

A

A
A

A

A
A

A

A
A

A

C
C
T
G
C
G
A
G

C
C
C
T

G
G

A

C
G

C

T
C

G

G
G

A

A
A

A

A
A

A

A
A

A

A
A

A

C
C

T

G
C

G

A
G

C

C
C

T

a b

Figure 25: Active destabilization versus spontaneous denaturation. a, the common model (of SBS-
dsDNAinteractions) states that the RecA-NPF actively deformes the incoming dsDNA to allow
sampling of the highly deformed ssDNA in the PBS [12], [9], [48]. This is unlikely, since active de-
formation implies a high binding energy which on the other hand would make a fast search process
impossible. b, we state that binding of dsDNA to the SBS is governed by spontaneousely occur-
ing, denaturated regions in the incoming dsDNA (the genome of E.Coli is negatively supercoiled
∼-0.05σ [50]). We base this statement on (1) the fact that we could not detect any SBS-dsDNA
interactions (2) the strong negative supercoil dependence (σ<0) of SBS-dsDNA interaction (indi-
cating that ss-SBS bonds are the �rst step of the sampling process) and (3) that the search process
does not require ATP hydrolysis

Nonetheless, the weak binding a�nity of dsDNA to the SBS could also depend on the type of DNA in the

PBS, e.g. dsDNA in the PBS might allosterically inhibit binding of dsDNA to SBS. Investigations on assay 3
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5. Disscusion

((MT)ssDNA·RecA-heterologous dsDNA(OT), sec. 4.3) excluded this possibility. We found no di�erences in

the binding probability of dsDNA to the SBS whether there was ss- or dsDNA in the PBS. Unlike for assay 1

and assay 2, the incoming dsDNA was tethered between the optical beads. Therefore, gradual denaturation of

the incoming dsDNA was not inducible by underwinding. Instead, force-induced destabilization of basepairing

was achieved by increasing the stretching force. At low stretching forces fewer basepairs are disrupted than at

high force. Again, we found for the push-probe type of experiments that the probability of SBS-dsDNA bonds

increases with increasing stretching force. Additionally, sliding experiments revealed the same trend: friction

between ssDNA·RecA and dsDNA was observed to be within the thermal noise level below a certain stretching

force on the incoming dsDNA. Summarizing, we �nd that SBS-dsDNA bonds will not (or very weakly) be

established if the dsDNA is not activelly destabilized. Thus, the gain of free energy upon binding of dsDNA

to the SBS (∆Gds-SBS) is very small compared to the loss in free energy due to basepair disruption (∆Gds-SBS

� ∆Gbp). Nevertheless, binding mediated by the ssDNAs of denaturation bubbles in the dsDNA is only

observed at certain level of underwinding and stretching. Before a certain threshold, the binding of ssDNA

to the SBS is outcompeted by the nearby complementary ssDNA in the denaturation bubble. We therefore

conclude that the gain in free energy upon binding of ssDNA to the SBS is smaller than the basepair energy

in a non-distorted B-DNA conformation (�g.26b)

∆Gbp > ∆Gss−SBS (13)

Since the ssDNA in the PBS is in a highly deformed con�guration (sec. 2.3), incoming dsDNA has to be

underwound and stretched. The common doctrine states that the dsDNA is activelly prepared to sample

ssDNA in the PBS upon binding to the SBS ([48], [9]). In this model, the gain in free energy by establishing

the ds-SBS bond has to account for the energies required for stretching and underwinding the dsDNA. This

is unlikely due to the very weak interaction of intact dsDNA and partially denatured dsDNA with the SBS of

ssDNA·RecA-NPFs. Furthermore, long-lived, strong ds-SBS bonds would not allow a fast search process.

>

only PBS

>

a b

,bp bp tripletsG G∆ > ∆ bp ss SBSG G −∆ > ∆

only SBS

Figure 26: A single bond is not enough. a, the heteroduplex in the PBS has to adopt a strechted and
underwound conformation [12]. Therefore, complementary base pairing between the ssDNA in the
PBS and incoming ssDNA is energetically less favoured than Watson-Crick pairing between the
two single strands of a breathing bubble in the incoming dsDNA. We conclude that ∆ Gbp > ∆
Gbp,triplet. b, prerequisite for establishing SBS-dsDNA interactions are denaturation bubbles, and
is therefore rather governed by non-speci�c binding of ssDNA than of dsDNA. Nevertheless, a high
negative torsional stress (σ=-0.4) is required to observe stable joints. We therefore conclude that
the gain in free energy upon binding of ssDNA to the SBS is smaller than the basepair energy in a
non-distorted B-DNA conformation, ∆Gbp > ∆ Gss-SBS

Instead, our �ndings support a model where ss-SBS bonds are the �rst step of the sampling process. This
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5. Disscusion

requires breathing of the incoming dsDNA, the spontaneous formation of denaturation bubbles, which permits

the formation of ss-SBS bonds (�g.25). With DNA breathing as prerequisite, the speed of homology sampling

between ssDNA·RecA and dsDNA is set by the breathing dynamics themselves. Therefore the supercoil density

of the incoming dsDNA is thought to regulate the speed of homologous pairing, since DNA breathing dynamics

are promoted by negative superhelical tension in the DNA [49].

We tested the in�uence of supercoil density on homologous pairing on assay 4 ((OT)ssDNA·RecA-homologous

dsDNA(MT), sec. 4.4) and found, as for assay 1, that dsDNA underwinding strongly stimulates joint molecule

formation. We can compare data on supercoil density obtained on interactions in assay 1 and assay 4, since

in assay 1 only interactions with the SBS are involved and thus it has no in�uence whether the constructs are

complementary or not. In assay 4 on the other hand, the triplet units of the ssDNA in the PBS (sec. 2.3)

are accessible for homologous incoming dsDNA. While in assay binding events are observed at low negative

supercoil density (σ = -0.015) much higher negative superhelical tension is required in assay 1 (σ = -0.4)

(�g.27).
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Figure 27: Comparison of the coiling dependence on interactions between ssDNA·RecA-dsDNA and
dsDNA·RecA-dsDNA. The probability of binding between ssDNA·RecA-NPF and homologous ds-
DNA depends stronger on the applied torsioanl stress on the dsDNA than the probability of binding
between dsDNA·RecA-NPF and heterologous dsDNA. The large di�erence in the negative supercoil
dependence between heterologous (assay 1, �g.18b) and homologous (assay 4, �g23a) constructs
originates from the availability of base pairing

The huge discrepancy can be explained by an additional energy contribution from interactions of ssDNA in the

PBS with the homologous dsDNA in the SBS. In other words, the ability of Watson-Crick-basepairing between

ssDNA in the PBS and dsDNA in the SBS lowers the energy required to form stable joints in comparison to

interactions which are restricted to the SBS.

If a homologous dsDNA binds to the SBS via a breathing bubble, one of the strands will bind to the nonspeci�c

(non-sequence dependent) SBS and the other strand will be sampled by the ssDNA in the PBS. Eventually,

complementary sequences encounter each other and form a heteroduplex (between the the ssDNA in the PBS

and the complementary, non-SBS-bound strand of incoming dsDNA) via Watson-Crick-basepairing. The het-

eroduplex has to adopt a strechted and underwound conformation, since the dsDNA in PBS has a conformation

similar to ssDNA [12]. The free energy gain due to formation of a basepair in a triplet unit of the heteroduplex

(∆Gbp, triplet) will therefore be smaller than the energy required to disrupt a basepair in non-distorted B-DNA
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∆Gbp > ∆Gbp,triplet (14)

This indicates that only by complementary basepairing between the ssDNA in the PBS and one of the strand

(hereafter incoming ssDNA) of the incoming dsDNA no stable joint can be formed (�g.26a). Thus, the

interaction of the other strand (hereafter outgoing ssDNA) of the incoming dsDNA with the SBS has to

compensate the discrepancy between ∆Gbp, triplet and ∆Gbp. Hence we can conclude that ∆Gss-SBS > ∆Gbp-

∆Gbp,triplet and from the experiments restricted on interaction with the SBS (see above) that

∆Gbp > ∆Gss−SBS > ∆Gbp − ∆Gbp,triplet (15)

This means that stable joints between ssDNA·RecA-NPF and dsDNA are only formed when both binding sites

of the RecA-NPF interact with both of the strands of the breathing bubble (�g.28). The incoming ssDNA

strand forms a heteroduplex with the ssDNA in the PBS and the outgoing strand binds to the SBS (we refere

to this situation as double-grip).

>

,ss SBS bp triplet bpG G G−∆ + ∆ > ∆

PBS and SBS

Figure 28: Together we are strong. Stable bonds between a RecA-NPF and incoming dsDNA can only be
formed if both strands of a denatured region in incoming dsDNA interacts with the RecA-NPF. In
other words, complementary base pairing between incoming ssDNA and ssDNA in the PBS as well
as unspeci�c binding between the outgoing ssDNA and the SBS of the RecA-NPF are necessary to
compete with Watson-Crick base pairing of the incoming dsDNA, ∆Gss-SBS+∆Gbp,triplet> ∆Gbp
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5.2. A model for homology recognition
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Figure 29: Optimizing the costs. The binding probabilities of homologous and heterologous follow both a
Boltzmann distribution of the total energy. The probabilities for ∆Ggain=0 and ∆Gcost=0 (p=1/2)
are setting the range for the optimal total energy. The maximal cost is -∆Gbp,triplet, the maximal
gain +∆Gbp,triplet. The optimal balanced cost and gain is |∆Gbp,triplet|/2 (high probability for
homologous binding, low probability for heterologous binding)

A reasonable assumption is that the energetic features of RecA-NPF (∆Gss-SBS, ∆Gbp,triplet) have

evolved to e�ciently solve the task of homology recognition. Thus, the cost for incorrect detected

(∆Gcost=∆Gss-SBS-∆Gbp<0) and the gain for correct detected sequences are optimized (∆Ggain= ∆Gss-SBS-

∆Gbp+∆Gbp,triplet>0). Heterologous as well as homologous binding will be bistable (binding probability=1/2),

if binding to homologous sequences (correct detection) is not rewarded (∆Ggain=0, binding to the SBS and

PBS exately accounts for the base pair breakage) and the binding to heterologous sequences is not penal-

ized (∆Gcost=0, SBS accounts alone for the loss in free energy due to base pair breakage). Therefore, the

optimal total energy gain must be between 0 and ∆Gbp,triplet. Assuming a balanced distribution of cost

and gain (|∆Ggain|=|∆Gcost|), one can see from �gure 29 that the optimum is in the middle of the possible

range, ∆Ggain,optimal=1/2∆Gbp,triplet. It follows that the optimal energy gain upon binding to the SBS is

∆Goptimal,ss-SBS=∆Gbp-1/2∆Gbp,triplet. From equation (14) we know that ∆Gbp,triplet< ∆Gbp and from the

distorted structure of the hetero duplex we guess the energy gain upon formation of a basepair in a triplet unit

(∆ Gb,triplet) to be around ∼0.7∆ Gbp

∆Gbp,triplet ≈ 0.7∆Gbp ⇒ ∆Gss−SBS ≈ 0.65∆Gbp (16)

In order to probe for homology, the incoming ssDNA must bridge the gap between the SBS and PBS (24Å -

27Å). This implies that not the entire length of a denaturation bubble (in the incoming dsDNA) interacting

with the SBS, searches for homologous sequences in the ssDNA·RecA. Approximately three unpaired bases

(refered to as x, equal to four base-to-base distances) are required to span the distance between PBS and SBS

(�g.31), assuming a base-to-base distance of 6.19Å (app.D). In total, six base pairs of the incoming dsDNA

must be broken to allow sampling of the ssDNA bound to the PBS by the incoming ssDNA (�g.31). While the

six bases of the incoming ssDNA span from the SBS to the PBS, the six complementary bases of the outgoing

ssDNA bind to the SBS, resulting in a energy de�cit of 6∆Gss-SBS-6∆Gbp≈-2.1∆Gbp<0. The formation of

a stable joint depends therefore exclusively on the interaction of ssDNA·RecA and the incoming strand, and

thus on complementary binding. The gain in free energy of Watson-Crick base pairing between the nucleotide
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Figure 30: A model for homology recognition. We propose the double-grip model: Interactions with only one
binding site of the RecA-NPF are outcompeted by the base pairing of the incoming dsDNA. Stable
joints are only fromed if both binding sites contribute to the interaction (homologous recognition).
This can not be the full mechanism of homologous recognition, since a single complementary base
(n=1) in the PBS would already be su�cient to form a stable joint and hence, in average, every
fourth base would be a match.

triplets in the PBS and incoming complementary together with the interactions between the outgoing ssDNA

and the SBS must overcome the lacking 2∆Gbp. The minimal size of homology required to overcome the

energy de�cit due to the toplogical constraint is 2.1∆Gbp/(∆Gss-SBS+∆Gbp,triplet-∆Gbp)≈2.1/0.35=6=n.
The distance between the PBS and SBS, therefore sets a lower limit on the size of homology, necessary to

establish a stable bond between a ssDNA·RecA-NPF and incoming dsDNA. In other words, the �delity of the

homology search process is provided by a topological constraint limiting the minimal number of complementary

base pairing n to 6bp. It follows that the minimal size of a denaturation bubble able to probe for homology is

n+2x=12bp.

Denaturation of the incoming dsDNA, induced by tension or torsional stress, a�ects the �delity of the recogni-

tion by reducing the energy of base pairing ∆Gbp. The total energy gain upon recogniton (∆Ggain) will increase

and the number of stable joints will rise with the applied tension (or torsional stress) on the incoming dsDNA.

In other words, stretching force and torsional stress have a negative e�ect on the �delity of the recognition

process and will drive the minimal number of complementary base pairing required for stable joint formation

below 6bp. We measured this prediction with sliding experiments on assay 5 ((MT)ssDNA·RecA-homologous

dsDNA(OT), sec. 4.5) and concluded that binding becomes less sequence speci�c, and is taking place at more

positions along the ssDNA·RecA-NPF.
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Figure 31: A topological constraint governs the �delity of the homologous recognition. The incoming ssDNA
must overcome the huge gap between the PBS and SBS (24Å - 27Å) [12]. We assume that in
the vincinity of the RecA-NPF spontaneous denaturation of a dsDNA occures (DNA breathing).
One of the strands of the bubble undergoes unspeci�c binding to the SBS the other probes for
homology in the PBS (double grip model). Considering the molecular picture, the incoming ssDNA
has to bridge the gap between PBS and SBS. Approximatly 3 unpaired bases (neiteh to the SBS
nor PBS) are required to span the gap (x=3). In total 2x bases must be broken to allow sampling
of the PBS-ssDNA. This sets an initial cost ∼2.1∆Gbp which must be overcome by homologous
recognition. Assuming ∆ Gbp,triplet≈ 0.7∆Gbp and ∆ Gss-SBS≈ 0.65∆Gbp the minimal number of
complementary base pairing required to establish a stable joint is n=6

5.3. The speed of recognition

Stable joints between a ssDNA·RecA-NPF and incoming dsDNA require the spontaneous formation of denat-

uration bubbles (�g25). We conclude this from the fact that we could not detect any SBS-dsDNA interactions

before a certain level of underwinding (σ<0) and stretching. The similar behaviour of force-induced breathing

bubbles under ATP and ATP-γ-s conditions (assay 5, (MT)ssDNA·RecA-homologous dsDNA(OT)), allows to

exclude an active role of hydrolosis upon SBS-dsDNA formation. This gives further, strong evidence that the

speed of homologous pairing is set by the breathing dynamics themselves. Therefore the negative supercoil

density of the incoming dsDNA (for E.Coli≈-0.05σ in vivo [50]) is thought to regulate the speed of homologous

pairing. Given the sti�ness of the RecA-NPF (�g.13) we assume that not the �lament itself, but denaturation

bubbles along the dsDNA are the search entity for homology (�g.32).

Taking the possibility of parallel search and the in vivo time scale for homology search set by the cell's life

cycle (∼1h, [19]) into account, we can give a rough estimate for the frequency of sampling attempts of single

denaturation bubbles.
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dsDNA
breathing bubble

Figure 32: DNA searches for homology. Given the rigidity of the ssDNA·RecA-NPF (Lp≈600nm) compared to
the sti�ness of dsDNA (Lp≈50nm) under physiological conditons, it is more likely that the dsDNA
and not the NPF is the search entity for homology. In this model, the breathing bubbles di�use
along the dsDNA and are stabilized upon encounter of complementary bases in the PBS of the
�lament

We assume a RecA-NPF formed on 1kb long ssDNA. Given a minimum search unit of 6bp, the number

of sites where stable binding can be established, is ∼167 (1000bp/6bp=167). Considering the genome of

E.Coli, ∼3·106 basepairs (G) must be scanned for homology. The numbers of base pairs probed per second

is thus given by ∼3·106/3600s which results in a sample frequency of ∼833bp/s. The frequency decreases

to ∼5bp/s, assuming simultaneous sampling of all probing sites along the RecA-NPF. We suppose that the

minimal probing length of a bubble of arrbitrary size is given by the minimal search unit (n=6bp). Thus, the

DNA-breathing dependent sampling frequency is

f =
G

N ∗ t ∗ n
≈ 1Hz (17)
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6. Conclusions

Di�erent types of dual molecule experiments have been performed with di�erent types of constructs.

RecA- NPFs have been assembled on ds- and ssDNA tethered between two optical beads (optical

construct) or between the bottom of the �ow cell and a magnetic bead (magnetic construct).

The combination of magnetic tweezers with dual-bead optical traps allowed us to disentangle the

mechanisms which allows RecA-NPFs to provide a high-speed and high-�delity homologous search

and recognition process:

• We �nd no active role for the secondary binding site of RecA-NPFs in destabilizing the helix of

the incoming dsDNA. The interactions between dsDNA and RecA-NPFs are very weak. This

is true both under ATP (hydrolysable) and ATP-γ-s (non-hydrolysable) conditions.

• We �nd that the probability of homologous pairing can be enhanced by torsional stress. From

the strong supercoil density dependence we conclude that breathing bubbles initiate homology

sampling.

• The binding of ssDNA to the secondary binding site is orders of magnitudes stronger than the

binding of dsDNA. By comparing the interaction dependence on torsional stress and tension

between di�erent assay, we were able to conclude that

∆Gss-SBS+∆Gbp,triplet > ∆Gbp> ∆Gss-SBS, ∆Gbp,triplet.

• We developed a �double-grip� model based on these inequalities. Binding is unstable if not

both ssDNA binding sites of the RecA-NPF interact with both strands of a breathing bubble in

the incoming dsDNA. The prerequisite of breathing bubbles in the dsDNA to initiate, together

with the double-grip requirement to promote homology search allows homologous recognition

to take place without energy consumption (ATP hydrolysis).

• The �delity of the homology recognition process is provided by the topological constraint

induced by the gap between the primary and secondary binding site. The �delity critically

depends on the torsional stress and the tension on the incoming dsDNA.

• The speed of the homologous sampling is governed by the breathing dynamics in the incoming

dsDNA and the possibility of parallel search. We conclude that the dsDNA and not the RecA-

NPF is the search entity during homologous sampling.
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A. Appendix

Outline of the experimental set up described in section 3.1. A detailed description of the build up and the

containing elements can be found in J.F. den Blankens master thesis [20].
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Figure 33: Schemiatics of the optical pathway

A half-wave plate (HW1) and a polarizing beam splitter (BS1) are placed directly after the laser to control

the total power of the beam. A second half-wave (HW2) plate is used to tune the ratio of s- and p-polarized

light. Two seperated beams for individual traps are created by splitting up the di�erent polarizations (BS2).

Acousto-optical de�ectors allow to steer the distinct beams in x- and y-direction. 1:1- telescopes (L1-L2 and

L5-L6) transpose the de�ection plane at the AOD's onto two 2:1-expanders (L3-L4 and L7-L8). The moveable

lens L7 in one of the beam paths allows to change the focus position (z-height) of one of the traps (Trap

1) individually. The beams are combined again at BS3 and expanded by a factor 1.2 with the lenses L9 and

L10. Lens L9 is used to steer the focus of both beams simultaneously. A power meter behind a beam-splitter

(BS4) is used as a reference of the trap power. The detection of the position of the optical beads within

the optical traps is done by detecting the re�ected light from the beads. BS4 splits the re�ected light from

the optical tweezers path. The beam diameter is adjusted with L11 and L12 to �t the detection area of the

position sensitive detectors (PSD's). Simultaneous detection of the bead postion in both traps is realized by

the seperation of the linear polarizations (BS5). A vertical slit is placed at the focal distance of L11 to block

re�ections from the surface of the �ow cell.
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Procedures and Bu�ers for the assembly of the assays 3.2 and experiments 4:

Bu�ers:

• Optical Bead Wash Bu�er

10mM Tris 6.85pH, 1M KCl, 5mM EDTA 8.0pH

• TE+-Bu�er

20mM Tris 6.85pH, 200mM KCl, 5mM EDTA 8.0pH

• TE-Bu�er

20mM Tris 6.85pH, 5mM EDTA 8.0pH

• RecA Binding Bu�er

20mM Tris 6.85pH, 50mM NaCl, 1mM MgCl2

• DNA overstretching Bu�er

20mM MES 6.25pH, 100mM KCl

• Interaction Bu�er

20mM Tris 6.85pH, 10mM NaCl, 13mM MgCl2

• Flow Cell Storage Bu�er

5 ml PBS bu�er, 0.5 ml of Na2N3 (1M), 0.5 ml Tween, 300 ul of BSA (10mg/ml)

Bu�ers were �ltered (0.22 µm MilliporeTMMillex R© GV �lter, PVDF membrane) and prior to experiments

degased at 10-3bar for 40min. All syringes of the pressure box have a volume of 3ml. To avoid oxygen

radicals, 30µl of DTT (100mM) are added to all bu�er solution except for the RecA containing bu�er.

Flow cell preparation (3.2.1):

• Cut out pattern of the �ow cell from Para�lm �M�TM

• Drill holes (sandblaster) for inlets and outlet in �rst glass slide (24mmx60mm)

• Sonicate for 10min in EtOH

• Cover second glass slide with 0.1%nitro cellulose in amyl acetate

• Place patterned between the two glass slides and anneal on heating plate (90◦)

• Incubate the �ow cell with 100mM anti-DIG over night

• Passivate before use with bio-BSA (10mg/ml) for 30min

Optical beads wash (3.2.1):

Optical Beads are provided by Spherotech Inc., SpheroTMStreptavidin Polystyrene (Cat. No. SVP-20-5, 0.5%

w/v, 2.16µm, 5ml).

• Filter a 2:1 Bead wash bu�er:Bead stock solution through a 50K �lter (MilliporeTMAmicor R© 0.5ml,

regenerated cellulose)by centrifugation (6000rpm, 2min)
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• Recover the washed beads: put the micro pore tube up-side-down in an Eppendorf tube and centrifuge

(6000rpm, 1min)

• Add 900ul bead wash bu�er to the eppendorf tube

• Stir it

Stir the beads again, prior to the use of experiment. Mix 200µl with 2.8ml degased TE+ directly in the syringe.

Magnetic beads preparation (3.2.3): Magnetic Beads are provided by InvitrogenDynal AS, Dynabeads R©

MyOneTMStreptavidin C1 (Cat. No.650.01, 1µm, 10mg/ml, 2ml).

for dsDNA

• Wash 10µl bead stock solution in TE-bu�er (Dilute in 50µl TE and extract beads from the solution by

holding a permanent magnet in proximity of Eppendorf tube, repeat 2-3x)

• Incubate with 1µl dsDNA for 5-10min (dsDNA stock solution (see app.C) diluted 1:12000 - 1:18000 in

TE)

• Incubate with 10µl bio-BSA (10mg/ml) for 15min

• Add 1.5ml TE+

The washed magnetic beads (in TE+) are transfered to one of the syringes. For DNA incubation the valve

of the corresponding syringe is opened for ∼10min (dismount magnet head!) and afterwards the channel is

�ushed with TE-bu�er for ∼10min. Magnets are installed after no more beads can be seen passing by.

for ssDNA

• Wash 10µl bead stock solution in TE-bu�er (Dilute in 50µl TE and extract beads from the solution by

holding a permanent magnet in proximity of Eppendorf tube, repeat 2-3x)

• Wash with 0.05% Tween

• Wash one more time in TE

• Incubate with 1µl dsDNA for 30min (dsDNA stock solution (see app.C) diluted 1:25000 - 1:30000 in

TE)

• Incubate with 0.1M NaOH for 60min

• Wash carefully in TE (use big tips)

• Incubate with 10µl bio-BSA (10mg/ml) for 15min

• Add 1ml TE+

The washed magnetic beads (in TE+) are transfered to one of the syringes. For DNA incubation the valve

of the corresponding syringe is opened for ∼10min (dismount magnet head!) and afterwards the channel is

�ushed with TE-bu�er for ∼10min. Magnets are installed after no more beads can be seen passing by.

RecA Solutions: RecA stock solution (2mg/l), supplied in 0.1mM EDTA, 10mM Tris-HCl 7.5pH, 1mMDTT

and 50% glycerol is provided by New England Biolabs R© Inc.
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• Mix 50µl of RecA stock solution with 950µl degased RecA binding bu�er (corresponds to 2.6µM RecA

solution)

• Add 1µl ATPγ-s (100µM)

• Filter (0.22 µm MilliporeTMMillex R© GV �lter, PVDF membrane)

The �ltered RecA solution is �lled into a syringe connected with the magnetic bead or the adjanct channel

(depending on the assay). For RecA assebly the valve is opened until full �lament formation is achieved

and subsequently �ushed out with interaction bu�er. RecA on ssDNA tend to disassemble. Therefore, for

experiements where interactions with ssDNA·RecA NPF are probed, a slight RecA background is added to the

interaction bu�er (1µl stock solution RecA + 1µl ATP-γ-s (100mM) or 1µATP (100mM) in 3ml interaction

bu�er).
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Procedures for the biological constructs:

• 7kb single strandable DNA for magnetic tweezers

• 12kb single strandable DNA for magnetic tweezers

• 48kb for optical tweezers

• 20kb single strandable DNA for optical tweezers

• heterologous 10kb for magnetic tweezers

• homologous 10kb for magnetic tweezers

7 kb ssDNA magnetic tweezers (experiment Y07005)

7329 kb PCR

Template: lamda DNA

Primers ordered at Biolegio

199 5' DIG AACTCAGCTCACCGTCGAACA

68 5' BIO GACGCAGGGGACCTGCAG

PCR mix: 10 µl HercII buf (5x, Stratagene), 1 µl primer 199 (10 uM), 1 µl primer 68 (10 µM), 1 µl dNTP's

(10 mM, Promega), 2 µl lambda DNA (10 ng/µl, Promega), 0,5 µl Herc II fusion (Stratagene), 34,5 µl MQ

PCR program: step 1 98◦C 2:30, step 2 94◦C 0:40, step 3 58◦C 0:30, step 4 72◦C 7:00, repeat step 2 to 4

29 times, step 5 72◦C 8:00, step 6 20◦C 0:30

PCR digoxigenin handle

PCR fragment (1238 bp)

PCR template pbluescriptIISK+

Forward primer 5'GACCGAGATAGGGTTGAGTG 3' , reverse primer 5' CAGGGTCGGAACAGGAGAGC 3'.

The PCR reactions are performed with a taq polymerase (PCR core system I, Promega). Standard PCR

reactions are performed, except 2 µl of digoxigenin-11-2'-deoxy-uridine-5'- triphosphate (dig-dUTP, Roche)

is added.

Both PCR products are puri�ed with nucleospin extract II kit (Machery Nagel)

Cut both fragments with PspOMI (20 U/µl, NEB)

7329 bp fragment x PspOMI, fragment will lose 5' dig label → 7279 bp

Dig handle x PspOMI, 2 fragments after digestion 545-693 bp

Purify digestions with nucleospin extract II kit (Machery Nagel)

Ligate 7279 bp fragment (PspOMI overhang) with dig handle fragments (PspOMI overhang)

Ligation is performed with T4 DNA ligase (NEB)

Handles are added in 10 molair excess

Overnight ligation at 16◦C

To purify the construct the ligation will be phenol extracted and ethanol precipitated. Phenol extraction is
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done with the phase lock tubes (VWR) Ethanol precipitation is done according to Maniatis (2 1/2 V of 100%

EtOH, and 1/10 V of 3M NaAc) Overnight precipitation -20◦C. Pellet is dissolved in TE and ethanol is added

to prevent nicking up to a �nal concentration of 1%.

12 kb ssDNA magnetic tweezers (experiment S1003, labjournal XII, S. Hage)

11940 kb PCR

Template: lamda DNA

Primers ordered at Biolegio

785 5' BIO CTCATGCTCACAGTCTGAGCGGTTCAACAGG

786 5' AACGCTTCACTCGAGGCGTTTTTCGTTATGTATAAATAAGGAGCACACC

PCR mix; 10 µl HercII buf (5x, Stratagene), 1 µl primer 785 (10 µM), 1 ul primer 786 (10 µM), 2 µl

dNTP's (10 mM, Promega), 1 µl lambda DNA (50 ng/µl, Promega), 1 µl Herc II fusion (Stratagene), 34 µl MQ

PCR program: step 1 98◦C 2:30, step 2 94◦C 0:40, step 3 62◦C 0:30, step 4 68◦C 6:00, repeat step 2 to 4 9

times, step 5 94◦C 0:40, step 6 62◦C 0:30, step 7 68◦C 6:00 + 0:10/ cycli, repeat step 5 to 7 19 times, step

8: 68◦C 10:00, step 9 20◦C 0:30

PCR digoxigenin handle

PCR fragment (1238 bp)

PCR template pbluescriptIISK+

Forward primer 5'GACCGAGATAGGGTTGAGTG 3'

Reverse primer 5' CAGGGTCGGAACAGGAGAGC 3'

The PCR reactions are performed with a taq polymerase (PCR core system I, Promega). Standard PCR

reactions are performed, except 2 µl of digoxigenin-11-2'-deoxy-uridine-5'- triphosphate (dig-dUTP, Roche)

is added.

Both PCR products are puri�ed with nucleospin extract II kit (Machery Nagel)

Cut both fragments with XhoI (20 U/ul, NEB)

11940 bp fragment x XhoI → 11926 bp

Dig handle x XhoI, 2 fragments after digestion 554-684 bp

Purify digestions with nucleospin extract II kit (Machery Nagel)

Ligate 11926 bp fragment (XhoI overhang) with dig handle fragments (XhoI overhang), Ligation is performed

with T4 DNA ligase (NEB), Handles are added in 10 molair excess, Overnight ligation at 16◦C.

To purify the construct the ligation will be phenol extracted and ethanol precipitated. Phenol extraction is

done with the phase lock tubes (VWR) Ethanol precipitation is done according to Maniatis (2 1/2 V of 100%

EtOH, and 1/10 V of 3M NaAc) Overnight precipitation -20◦C.Pellet is dissolved in TE and ethanol is added

to prevent nicking up to a �nal concentration of 1%.
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Lambda (48kb) optical tweezers (experiment S1003, labjournal XII, S. Hage)

35 µl lambda DNA (645 ng/µl, Promega)

10 min at 65◦C

On ice

Add 4 µl bio-dCTP (0,4 mM, Invitrogen), 4 µl bio-dATP (0,4 mM, Invitrogen), 0,5 µl dGTP (10mM,

Promega), 0,5 µl dTTP (10mM, Promega), 4 µl Klenow (-exo 5U/ul, NEB) 7 µl Neb2 buf (10x, NEB), 18

µl MQ, Incubate 2 h at 37◦C

To purify the construct the ligation will be phenol extracted and ethanol precipitated. Phenol extraction is

done with the phase lock tubes (VWR) Ethanol precipitation is done according to Maniatis (2 1/2 V of 100%

EtOH, and 1/10 V of 3M NaAc) Overnight precipitation -20◦C

Pellet is dissolved in TE and ethanol is added to prevent nicking up to a �nal concentration of 1%.

20 kb molecule optical tweezers (experiment S1003, labjournal XII, S. Hage)

One of the strands is on both sides biotinylated

Molecule can be overstretched

20093 kb PCR

Template: lamda DNA

Primers ordered at Biolegio

751 5' BIO CGTGCGAACTCTAGATGAATTTCTGAAAGAGTTACCCCTCTAAGTAATGAGG

755 5' BIO TCTGGAATTGGGCAGAAGAAAACTGTCGATGGCAGCCAAAATTTGTGGCGG

T in primer 755 = biotin label

PCR mix; 10 µl HercII buf (5x, Stratagene), 5 µl primer 751 (10 µM), 5 µl primer 755 (10 µM), 2 µl dNTP's

(10 mM, Promega), 1 µl lambda DNA (50 ng/µl, Promega), 1 µl Herc II fusion (Stratagene), 2,5 µl DMSO

(Stratagene), 23,5 ul MQ

PCR program: step 1 98◦C 2:30, step 2 94◦C 0:40, step 3 58◦C 0:30, step 4 68◦C 10:00, repeat step 2 to 4

9 times, step 5 94◦C 0:40, step 6 58◦C 0:30, step 7 68◦C 10:00 + 0:10/ cycli, repeat step 5 to 7 19 times,

step 8: 68◦C 10:00, step 9 20◦C 0:30

PCR product is puri�ed with nucleospin extract II kit (Machery Nagel)

Fragment is digested with XbaI (20 U/ul, NEB), 1h 37C - fragment length after digestion 20083 bp

Fragment is puri�ed with a G25 column (GE Healthcare)

Use fragment in Klenow �ll-in reaction

Mixture 80 µl DNA, 4 µl Klenow (-exo 5 U/µl, NEB), 0,2 µl dGTP (10 mM, Promega), 2 µl bio-dUTP (1

nmol/µl, Roche), 5 µl bio-dATP (0,4 mM Invitrogen), 5 µl bio-dCTP (0,4mM Invitrogen) 11 µl NEB2 bu�er

(NEB), 2,8 µl MQ

Incubation 1 h 37◦C

Heat inactivation 20 min 75◦C

To purify the construct the ligation will be phenol extracted and ethanol precipitated. Phenol extraction is

done with the phase lock tubes (VWR) Ethanol precipitation is done according to Maniatis (2 1/2 V of 100%
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EtOH, and 1/10 V of 3M NaAc) Overnight precipitation -20◦C

Pellet is dissolved in TE and ethanol is added to prevent nicking up to a �nal concentration of 1%.

10 kb heterolog magnetic tweezers construct (experiment S1003, labjournal XII, S. Hage)

Fresh miniprep isolation (Quikpure kit, Machery Nagel) of plasmid pBlue1,2,4+ psfVI (collection BN no:

GL003)

Cut plasmid with XbaI, SacI → 1954 - 10162 Gel extraction of 10162 bp fragment with nucleospin extract II

kit (machery Nagel)

Digoxigenin ends:

PCR fragment (1238 bp)

PCR template pbluescriptIISK+

Forward primer 5'GACCGAGATAGGGTTGAGTG 3'

Reverse primer 5' CAGGGTCGGAACAGGAGAGC 3'

The PCR reactions are performed with a taq polymerase (PCR core system I, Promega). Standard PCR

reactions are performed, except 2 µl of digoxigenin-11-2'-deoxy-uridine-5'- triphosphate (dig-dUTP, Roche)

is added. PCR fragment is digested with SacI → 645 � 593 bp

Biotinylated:

PCR fragment (1238 bp)

PCR template pbluescriptIISK+

Forward primer 5'GACCGAGATAGGGTTGAGTG 3'

Reverse primer 5' CAGGGTCGGAACAGGAGAGC 3'

The PCR reactions are performed with a taq polymerase (PCR core system I, Promega). Standard PCR

reactions are performed, except 2 µl of Biotin-16-2'deoxy-uridine-5'- triphosphate (bio-dUTP 50 nmol, Roche)

is added. PCR fragment is digested with XbaI → 617 - 621 bp

Both digestions of the handles are puri�ed with the nucleospin extraction kit (machery Nagel)

Ligate 10162 bp fragment (XbaI, SacI overhang) with dig handle fragments (SacI overhang) and bio handle

fragments (XbaI overhang). Ligation is performed with T4 DNA ligase (NEB) Handles are added in 10 molair

excess Overnight ligation at 16◦C.

To purify the construct the ligation will be phenol extracted and ethanol precipitated. Phenol extraction is

done with the phase lock tubes (VWR) Ethanol precipitation is done according to Maniatis (2 1/2 V of 100%

EtOH, and 1/10 V of 3M NaAc) Overnight precipitation -20C. Pellet is dissolved in TE and ethanol is added

to prevent nicking up to a �nal concentration of 1%.

10 kb homolog magnetic tweezers construct (experiment S1003, labjournal XII, S. Hage)

Fresh miniprep isolation (Quikpure kit, Machery Nagel) of plasmid pSFVIlambda (collection BN no: GL120)

Cut plasmid with XbaI, BamHI, A�II 475 � 287 � 10118 bp

Purify digestion with nucleospin extract II kit (machery Nagel)

Digoxigenin ends: PCR fragment (1238 bp)

PCR template pbluescriptIISK+

Forward primer 5'GACCGAGATAGGGTTGAGTG 3'

Reverse primer 5' CAGGGTCGGAACAGGAGAGC 3'
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The PCR reactions are performed with a taq polymerase (PCR core system I, Promega). Standard PCR

reactions are performed, except 2 µl of digoxigenin-11-2'-deoxy-uridine-5'- triphosphate (dig-dUTP, Roche)

is added. PCR fragment is digested with BamHI 605 � 633 bp

Biotinylated:

PCR fragment (1238 bp)

PCR template pbluescriptIISK+

Forward primer 5'GACCGAGATAGGGTTGAGTG 3'

Reverse primer 5' CAGGGTCGGAACAGGAGAGC 3'

The PCR reactions are performed with a taq polymerase (PCR core system I, Promega). Standard PCR

reactions are performed, except 2 µl of Biotin-16-2'deoxy-uridine-5'- triphosphate (bio-dUTP 50 nmol, Roche)

is added. PCR fragment is digested with XbaI 617 � 621 bp

Both digestions of the handles are puri�ed with the nucleospin extraction kit (machery Nagel)

Ligate 10118 bp fragment (XbaI, BamHI overhang) with dig handle fragments (BamHI overhang) and

bio handle fragments (XbaI overhang). Ligation is performed with T4 DNA ligase (NEB), Handles are added

in 10 molair excess, Overnight ligation at 16◦C.

To purify the construct the ligation will be phenol extracted and ethanol precipitated. Phenol extraction is

done with the phase lock tubes (VWR) Ethanol precipitation is done according to Maniatis (2 1/2 V of 100%

EtOH, and 1/10 V of 3M NaAc) Overnight precipitation -20C.Pellet is dissolved in TE and ethanol is added

to prevent nicking up to a �nal concentration of 1%.

D. Appendix

Interatomar distance of the atoms constituting the DNA backbone between two bases

The chain of molecules between the carbon atom at the 5'-deoxsyribose position of one base to the carbon

atom at the 3'-deoxsyribose position is C-C-O-P-O-C. The binding angle between the atoms of the chain is

approximated with 120◦, resulting in a base-to-base distance of ∼6.19Å.

Table 3: Atom radii and resulting interatomar binding distances

Atom Radius [Å] Bond Length [Å]
C 0.77 C-C 1.54

O 0.66 C-O 1.43

p 1.10 P-O 1.76
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