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Assembling Protein-Mediated DNA Bridges
and Measuring Interaction Forces

The importance of optical tweezers as a single-molecule technique cannot be over
emphasized. A highly focused laser beam is used to trap and manipulate micrometersized
objects with unprecedented precision and to measure molecular interaction forces.

Dual- and multi-trap optical tweezers combined with fluorescence imaging methods enable
the assembly and visualization of complex single-molecule assays and the study of their
function in vitro. Over the past few decades, sophisticated optical tweezing experiments
have provided valuable insights into fundamental processes, such as DNA repair, compaction,
recombination, and transcription, etc.," taking place in living cells where DNA molecules
and related proteins play a central role.
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Role of XRCC4-XLF proteins in
DNA repair

In human cells, the DNA-repair mechanism “classical Non-Homologous End Joining”
(cNHEJ) is the main pathway for the repair of double-strand breaks (DSB), the most severe
form of DNA damage. Once a DSB is detected, the ends of the damaged DNA are protected
to prevent further degradation and damage. The two extremities of the broken DNA then
need to be connected together for processing and to trigger the final ligation (see Figure 1).
The cNHEJ repair process does not rely on a homologous template and, as such, must

be very fast to be successful. In fact, unless every stage of cNHEJ is fast enough, the

two extremities of the broken DNA wiill diffuse apart and correct ligation will no longer be
possible.

XRCC4 (X-ray Repair Cross-Complementing Protein 4) and XLF (XRCC4-Like Factor) are two
proteins known to participate in the cNHEJ DNA repair pathway. They can bridge broken
DNA strands and hold them together. In solution, XRCC4 and XLF form filaments, consisting
of a chain of alternating XRCC4 and XLF molecules, that bind to double-stranded DNA,

allegedly by wrapping around it.

Triggering interactions between
XRCC4-XLF-decorated DNA
molecules

The NanoTracker 2 optical tweezers system
enables the direct study of DNA-DNA
interactions mediated by protein complexes.
To characterize the interaction of XRCC4-XLF
filaments with DNA molecules and their
DNA- bridging mechanism, it is necessary
to manipulate two DNA molecules
simultaneously, requiring at least four
optical traps be generated. The NanoTracker
2 Traps Multiplexing feature” enables the
generation of multiple, stable optical traps
from a single laser source in a time-shared
manner with precise control of the trap
position in three dimensions (see Figure
2A). It is therefore possible, for example,

to catch two DNA molecules with biotin-
functionalized ends from laminar flow in a
multichannel microfluidics chamber using
streptavidin-coated polystyrene beads (5 pym
in diameter). By holding and changing the
position of the trapped beads, it is then
possible to manipulate, trigger, and probe
DNA-DNA, DNA-protein, and protein-protein
interactions in different configurations.®®° In
the case of protein studies, the proteins of
interest can be pre-incubated with the DNA
or injected at will through a different channel

of the above mentioned microfluidics device.

Figure 2:
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B: Fluorescence image
of two DNA molecules
held between four
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is stained with the dye
Sytox Orange.
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Furthermore, single-molecule fluorescence imaging can be performed simultaneously to
tweezing with the NanoTracker 2 system. This enables the direct detection and observation
of fluorescently tagged molecules in real time and the quantitative analysis of the
fluorescence intensity. Figure 2B shows an epi-fluorescence image of two DNA molecules
stained with the dye Sytox Orange, acquired with the NanoTracker 2 equipped with an
EMCCD camera (iXonEM+, Andor).

For prolonged experiments, it is
not recommended to fluorescently
label the DNA molecules
themselves, as even low
photodamage intercalating dyes
have been shown to affect the
properties and structure of
DNAI"*"? and continued imaging
can lead to DNA breakage.

A better approach is to use
fluorescently labeled proteins
instead, which dramatically
reduces photodamage and
permits the direct observation and
localization of the proteins being
studied on the DNA molecules.
Figure 2C shows a single frame

of eGFP-labeled XRCC4-XLF
complexes decorating two DNA
molecules. The DNA molecules are
being held between four trapped
beads and are brought into contact
by accurate positioning of the
traps. At the DNA-DNA contact
point, a very bright fluorescent
spot can be observed, indicating
an accumulation of XRCC4-XLF
proteins. Furthermore, the XRCC4-
XLF-mediated bridge is shown to
effectively withstand the forces
being applied to pull the traps
apart.

The multiple traps generated by
the NanoTracker 2 can be moved
independently in three dimensions
within the sample and different
geometries can be used to study
the interaction between DNA
molecules. Figure 3 shows three
different ways to manipulate a
pair of DNA molecules decorated
with XRCC4-XLF by bringing
them into contact using different
configurations.

Figure 3:

Different configurations
used to bring two DNA
molecules in contact
and form XRCC4-
XLF-mediated DNA
bridges. Each image
shows a selected
frame, representing

a characteristic stage
of each manipulation,
from a fluorescence
acquisition where XLF
was labelled with eGFP.

A ("Wrapping-
unwrapping” procedure):
One of the four trapped
beads is manipulated

in 3D to wrap one DNA
molecule around another
one.

B (“Pairing”) and

C ("Aligning”)
procedures: DNA
molecules are brought
in contact by combining
the manipulation of
bead positions and the
use of shear forces
(blue arrows show flow
direction). Solid and
dashed green circles
indicate the current and
previous position of
the bead being moved,
respectively. The 10 um
scale bars are allocated
for all image panels

(A, B and C).



For example, one DNA molecule can be wrapped around another, later unwrapped, and
subsequently probed to see whether the two DNA molecules have been effectively bridged
by the XRCC4-XLF protein complex. A series of sequential images (see Figure 3A) show the
“wrapping” procedure in detail. This procedure begins with one DNA molecule being held in
a static position while the second DNA is brought in contact by manipulating the position of
the trapped beads. Next, one end of the second DNA molecule is moved vertically in the Z
direction, which is possible thanks to NanoTracker 2's axial control of the trapping position.
Next, the second DNA is moved over the static DNA molecule and then downwards until

it is below the static DNA, again using axial positioning. The second DNA molecule is then
brought underneath the static molecule, and finally moved up again until it is at the original
axial position, thereby completing a full wrap of one DNA around the other one. Once the
two DNA molecules and XRCC4-XLF complex have been left to interact together for a
specified amount of time, the molecules are unwrapped by performing the manipulation
steps described above in the reverse order. After being unwound, the two DNA molecules
remain connected as a result of the XRCC4-XLFmediated bridging.

Another approach to trigger XRCC4-XLF-mediated interactions between DNA molecules,
called "Pairing’ is shown in Figure 3B. In this configuration, one DNA molecule is again
straightened and kept static. The second DNA is brought in contact with the static DNA
using the microfluidic flow to stretch it, and by moving the attached beads towards the static
DNA until the two molecules touch. Similar to the previous example, use of the “pairing”
configuration enables control of the interaction time between the molecules. Finally, the
beads are separated and the established XRCC4-XLFmediated bridge can be tested.

Figure 3C shows a further possible configuration, called “Aligning’ to generate DNA-DNA
interactions. In this case, only two traps are necessary to bring the DNA molecules in
contact with each other. Each DNA molecule is attached to a trapped bead at one end and
the other end is free. By applying a moderate buffer flow, the molecules are straightened and
aligned along the flow as a result of shear forces between the DNA and the flowing buffer.
The trapped beads are then carefully manipulated until the DNA molecules are brought

into contact with each other, enabling XRCC4-XLF to interact with and bridge the two

DNA molecules. The beads are then separated in a controlled manner and the connection
between the DNA molecules is probed.

Measuring protein-mediated DNA bridging forces

One of the most remarkable capabilities of modern optical tweezers setups, such as the
NanoTracker 2, is the ability to measure interaction forces between individual molecules.
Several procedures have been described above to create connections between DNA
molecules decorated with bridging proteins using XRCC4-XLF as an example. A similar
approach can be used for any other protein, protein complex, or mediators of interactions
between DNA molecules. Qualitative information on how molecules interact and how
proteins are distributed along the DNA can be obtained by performing fluorescence imaging
while using optical tweezers to apply forces and manipulate the DNAs-proteins complex.
Furthermore, once a DNA bridge has been formed via the steps described above, it is
possible to measure the strength of the intermolecular connection established. As the
NanoTracker 2 can measure forces precisely, it is ideal for quantifying the rupture force
necessary to break apart protein-mediated DNA bridges.



Once a DNA bridge has been created, the DNA molecules should be aligned by arranging the
positions of the trapped beads along the X and Y-axis in a cross-like configuration (see Figure 4).
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Then, one bead should be pulled by the optical trap, for example, along the X-axis to exert

a force on the DNA-protein-DNA complex, while the other traps are kept static. The trap
opposite the moving one is used to measure the force exerted along the X-axis. Assuming
the forces acting along the Y-axis are negligible (f, ~ f, ~ 0), the peak (maximum) force F
measured during the force-spectroscopy experiment represents the rupture force necessary
to break the bridge apart.

Repeating this rupture force measurement
for a certain number of connections
provides a statistically significant
distribution of the bridging force required
to break apart a specific protein-mediated
DNA-DNA bridge. Figure 5, for example,
shows the cumulative probability
distribution of the rupture force measured
for XRCC4-XLFmediated connections.
These data provide insight into the range 20 4 Figure 5:
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Conclusion

The NanoTracker 2 is a powerful optical tweezers setup that enables manipulation of objects
with nanometer accuracy and measurement of molecular interactions with piconewton
resolution. Here, we have detailed several different procedures that outline how optical
tweezing can be successfully applied to assembling protein-mediated DNA bridges. The
current toolbox can be directly applied for in vitro reconstitution studies to study the
fundamental processes taking place in living cells.
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