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The tethered particle motion technique is a
single particle tracking method

* A macromolecule is anchored at one end to a surface, while the other
end is attached to a bead. The observed motion of the bead serves as a
reporter of the underlying macromolecular motion.




The bead is a reporter of the tether
fluctuations which reflect changes in
molecule conformation
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The sample is assembled in a microchamber
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% Lt 10|
-k_,)’!?:
R




The instrument
used is a
standard
microscope

* A telescopic lens and digital
camera allow digital imaging
of field of view.

e A stable base allows stable
alignment, rapid buffer
exchange and precise
tracking.

* Diferential Interference
Contrast optics allows nm-
precision location of bead
centroid.




Differential Interference Contrast (DIC)
leverages optical path differences within the
sample

Differential Interference Contrast Schematic
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Real-time bead position tracking requires less
data management
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Search for the maximum and background intensity

Define a threshold 30%

Select the contiguous points with intensity over the threshold
Evaluate the center of mass (centroid)

Repeat the operation for the dark region

o vk wnNE

Average the two centers.

This algorithm is applied to each frame.

Daniel Kovari Yan Yan, Laura Finzi & David Dunlap, Single Molecule Analysis: Methods and Protocols, Methods in Molecular
Biology, Springer, 2018



TPM involves constrained Brownian Motion

Micro-bead B i
Streptavidin = L

| Anti Digoxigeninga’ 9°*19€Nin

Microscope slide

Two main factors establish the Ilimits for studying a given
macromolecular system using TPM:

1. the expected scale of changes in tether length, and

2. the time scale of those changes. As a rough approximation, the
length and stiffness of a molecule can be used to estimate it.



Data acquisition and analysis
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Dependence of TPM data on tether length
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Tether or bead dominated excursions
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Symmetry is a selection criterion
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Determination of anchoring point
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These measurements were conducted in a highly viscous solution to enhance the effect. In saline buffers, 4s
or less are sufficient to establish the anchoring point.

Kumar et al, Biophys. J., 2014



Viscosity affects the TPM measurement

Kumar et al, Biophys. J., 2014
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Effect of viscosity
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Bead size and buffer also affect TPM
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Alternative TPM configurations
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Derivative of Basic TPM: TIM
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Techniques for Exerting Forces
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DNA construection

magnetic field

1-um paramagnetic microsphere

Y= anti-digoxigenin
® =digoxigenin

X = streptavidin

¢ = biotin /

5000-bp DNA construct

coverslip



Pulling on Molecules: Springs in a
Thermal Bath

Particles in a Trapping potential can be
approximated by a 3D harmonic
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Brownian Motion Analysis

The DNA-bead system behaves like an inverted
pendulum pulled along the vertical direction
above its anchoring point and subjected to

Brownian fluctuations: Tethered bead in a harmonic

potential
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T. Strick et al., J. Stat. Phys. 93, 648-672 (1998)



Magnitude of the siretching foree

s> The force that the magnetic field exerts on the sphere is determined
measuring its Brownian maotion.

http://galileo.phys.virginia.edu/classes/109N/
more_stuff/Applets/brownian/brownian.html

s And applying the equipartition theorem in one dimension:

— kBTI‘DNA

<F>_ <AX2>

Smith S.B.; Finzi, L.; Bustamante, C. Science. 1992, 258, 1122-1126
Strick, T.R.; Allemand, J. F.; Bensimon, D.; Bensimon, A.; Croquette, V. Science. 1996, 271, 1835-1837



MT is an excellent low-ioree measurement technique
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Measuring DNA extension in MT
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Measuring DNA extension in MT
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One or two DNA tethers?
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DNA Superecoiling in vivo and in vitro

In most organisms, DNA is negatively supercoiled (s = -0.06)

Actively regulated by topoisomerases, a ubiquitous and essential family of
proteins

Supercoiling is involved in DNA packaging around histones, and the
initiation of transcription, replication, repair & recombination

Known to induce structural changes in DNA

Traditional means of study (gel electrophoresis, sedimentation analysis,
cryo-EM, etc.) have the following disadvantages:

1. no real time observation of interaction
2. not reversible

3. distributions of topoisomers,

4. only -0.1<6<0.1



Supercoiling of linear consirained D
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Topological formalism for torsionally constrained DNA

—

Tw & Twist (the number of helical turns of the DNA)
+ Wr__ 2 Writhe (the number of loops in the DNA)
Lk & Linking number (total number of crossings between the 2 strands )

Linking number for torsionally relaxed DNA:

Lk, =Tw, (Tw, =1 per 10.5 bp of B-DNA, Wr_ = 0)
Linking number for torsionally strained DNA:
ALKk = Lk-Lk, = ATw + Wr

Normalized linking number difference:

Supercoiling density = ¢ = ALk /Lk,

http://en.wikipedia.org/wiki/DNA_supercoil



DNA extension (um)

DNA supercoiling compaets DNA tethers — Hat Curves
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Supereoiling and the buckling transition

Balancing the torsional energy against
the work done and the increase in
bending energy:

Extension
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Strick et al., Rep. Progr. Phys., 66, 2003



li there are two tethers: DNA braiding

Extension vs. supercoiling at constant force
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DNA extiension vs. Supercoiling
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s> Low force regime

o (-)sc and (+)sc molecules
behave similarly under
stretching.

o  Excess or deficit of Lk is
transferred into (+) or (-)
writhe, increasing the portion
of plectonemic supercoils.

% Intermediate force
regime
o (-)sc DNA locally denatures

to relax the torsional stress
due to the increased twist.

o (+)sc DNA forms

plectonemes.

s> High force regime
o  Supercoiled DNA behaves

like a torsionless molecule

o sufficiently overwound
molecules (¢ > 0.1) yield to
the increased torsional stress,

possibly forming local regions
of highly overwound DNA

Strick et al., Biophysical Journal, Vol. 74, 2016 —2028 (1998)



Torsion-induced DNA phase changes

DNA Extension /7 (um)
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Temperature-dependence of DNA helicity
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Raising the temperature by 15°C causes A-DNA to unwind by ~ 25 turns

DNA unwinds by ~0.012°/°C/bp



