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Arthur Ashkin
• Discovered optical gradient force in

1970 (Askkin, PRL, 1970).
• Co-winner of 2018 Nobel Prize in

Physics for the invention of optical
tweezers and their applications to
biological systems.

• Enabled 1997 Nobel Prize in Physics
for the laser cooling and trapping of
atoms, and the 2001 Nobel Prize in
Physics for achieving Bose-Einstein
condensation using magneto-optical
traps to cool atoms.

Arthur Ashkin, Gérard Mourou, and Donna Strickland

Optical Trapping

Rayleigh Regime (r<<λ)
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DNA: The Genetic Code
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• 3.2 billion base pairs 
in 23 chromosomes in 
human (1.1 meters!)

• DNA is a chiral double 
helix (right-handed, 
10.6 bp/turn)



Wang et al., Science, 1998
Yin et al., Science, 1995

E. coli RNA Polymerase Generates ~ 25 pN

• RNAP position on DNA is monitored via 
the bead.

• RNAP is a powerful motor.
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𝐹𝐹 =
𝑘𝑘B𝑇𝑇
𝐴𝐴

𝑧𝑧
𝐿𝐿 +

1
4 1 − ⁄𝑧𝑧 𝐿𝐿 2 −

1
4

bending persistence length

Marko-Siggia Worm-Like-Chain (WLC) Model – interpolation expression:

𝐹𝐹 =
𝑘𝑘B𝑇𝑇
𝐴𝐴

𝑧𝑧
𝐿𝐿 +

1
4 1 − ⁄𝑧𝑧 𝐿𝐿 + ⁄𝐹𝐹 𝐾𝐾𝑜𝑜 2 −

1
4 −

𝐹𝐹
𝐾𝐾𝑜𝑜

Modified Marko-Siggia Worm-Like-Chain (WLC) Model – interpolation expression:

stretch modulus
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Fit: Modified Marko-Siggia’s WLC Model



𝐹𝐹 = 𝑘𝑘B𝑇𝑇
𝐴𝐴

𝑧𝑧
𝐿𝐿

+ 1
4 1−𝑧𝑧/𝐿𝐿 2 −

1
4

+ ∑𝑖𝑖=27 𝑎𝑎𝑖𝑖
𝑧𝑧
𝐿𝐿

𝑖𝑖

𝑎𝑎2 = − 0.5164228
𝑎𝑎3 = − 2.737418
𝑎𝑎4 = + 16.07497
𝑎𝑎5 = − 38.87607
𝑎𝑎6 = + 39.49944
𝑎𝑎7 = − 14.17718

Bouchiat model: MS interpolation formula with 7th order polynomial:

constants



Wang et al., Science, 1998
Yin et al., Science, 1995

E. coli RNA Polymerase Generates ~ 25 pN

• RNAP position on DNA is monitored via 
the bead.

• RNAP is a powerful motor.



The Right-Handed Double Helix
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Watson & Crick, Nature, 1953
Wilkins, Stokes,& Wilson, Nature, 1953
Franklin & Gosling, Nature, 1953

“The difficulty is a topological one…  
the two chains must be untwisted… 
the difficulty of untwisting is a 
formidable one.”

Watson & Crick, Cold Spring Harb Symp Quant Biol, 1953



1016 m (light year)

DNA Replication:

Forth  et al., Ann. Rev. Biophys., 2013

Translocation and Rotation Are Coupled

Replisome

+

+
+++

generates
torsion

3.5 nm 1 turn

DNA replicated: 
Your lifetime:

Translocation Rotation

DNA replicated: 
10.5 bp (helical pitch)

1025 turns



Inherent Motor Capacity 

Replisome
+ 
+ 

+++

Replication

Transcription

−
RNAP

− +
+

Resistance to translocation Remove roadblocks
Remodel DNA structure & topology

Navigate collisions with other motors

Force
Torque Resistance to rotation



Science, 1996

Optical rotation: Dholakia, Padgett, Heckenberg, Rubinsztein-Dunlop



The Angular Optical Trap (AOT)

• Torque and rotation
• Force and displacement 
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La Porta & Wang, Phys Rev Lett, 2004
Deufel et al., Nat Methods, 2007
Forth et al., Phys Rev Lett, 2008
Sheinin et al., Phys Rev Lett, 2011
Le et al., Cell, 2019
Gao et al., Phys Rev Lett, 2021

𝜏𝜏 =
𝑃𝑃R − 𝑃𝑃L
𝜔𝜔0

𝑧̂𝑧

𝜏𝜏 = �𝑑𝑑3𝑟𝑟 𝑃𝑃 × 𝐸𝐸



DNA Phase Diagram
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Theory
Marko & Siggia, Science, 1994
Moroz & Nelson, PNAS, 1997
Bouchiat & Mézard, Phys. Rev. Lett., 1998
Leger et al., Phys. Rev. Lett., 1999
Sarkar et al., Phys. Rev. E, 2001
Marko, Phys. Rev. E, 2007
Marko & Neukirch, Phys. Rev. E, 2013

Our AOT data
Deufel et al., Nature Methods, 2007
Forth et al., Phys. Rev. Lett., 2008
Daniels et al., Phys. Rev. E., 2009
Sheinin et al., Phys. Chem. Chem. Phys., 2009
Sheinin et al., Phys. Rev. Lett., 2011.
Xiang et al., Phys. Rev. Lett., 2021
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Q-DNA
• Bending modulus
• Twist modulus
• Stretch modulus
• Twist-stretch coupling 

modulus
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Mean torque = 
11.0 pN⋅nm

Mean torque = 
10.5 pN⋅nm

Ma et al., Science, 2013

+ + +

How does a Motor Protein Work 
against Torsional Stress?

twist
(-)

- - -

E. coli RNAP

Angular Optical Trap
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Moroz-Nelson (MN) Theory

𝐶𝐶eff(𝐹𝐹)−1 = 𝐶𝐶−1+ 4𝐴𝐴 𝐴𝐴𝐴𝐴
𝑘𝑘B𝑇𝑇

−1

Not valid at low forces

Modified-MN theory

𝐶𝐶eff(𝐹𝐹) = 𝐶𝐶 1 −
𝐶𝐶

4𝐴𝐴
𝑘𝑘𝐵𝐵𝑇𝑇
𝐴𝐴𝐴𝐴

Marko-Modified
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Bouchiat-Mezard (BM) Theory



SOS to Marc

Reply from Marc on September 14, 2021:

…. I have not been working on these topics for years, 
and I am not sure how useful I can be, but I am 
certainly willing to talk with you and try to help 
clarify some issues in the paper.



Understanding the BM Theory
𝐸𝐸bend
𝑘𝑘B𝑇𝑇

= 𝐴𝐴
2 ∫0

𝐿𝐿 𝑑𝑑𝑡̂𝑡
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𝐸𝐸twist
𝑘𝑘B𝑇𝑇

= 𝐶𝐶
2 ∫0
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𝐸𝐸stretch
𝑘𝑘B𝑇𝑇
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𝑘𝑘B𝑇𝑇
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�𝐻𝐻 = −
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2 𝑠𝑠𝑠𝑠𝑠𝑠 𝜃𝜃
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𝐹𝐹𝐹𝐹
𝑘𝑘B𝑇𝑇

cos𝜃𝜃 −
𝜏𝜏2

2 𝑘𝑘B𝑇𝑇 2 ⋅
1 − cos𝜃𝜃
1 + cos𝜃𝜃 ⋅

𝐼𝐼1 𝐴𝐴 ⁄sin2 𝜃𝜃 𝑏𝑏
𝐼𝐼0 𝐴𝐴 ⁄sin2 𝜃𝜃 𝑏𝑏

𝑍𝑍 𝜃𝜃1,𝜙𝜙1,𝜓𝜓1, 𝑠𝑠1|𝜃𝜃0,𝜙𝜙0,𝜓𝜓0, 𝑠𝑠0 = ∫𝐷𝐷 𝜃𝜃,𝜙𝜙,𝜓𝜓 exp −𝐸𝐸RLC
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Convert the calculation of the partition function to an eigenvalue problem of 
the Schrödinger equation of a quantum mechanical symmetric top:

)𝑪𝑪𝐞𝐞𝐞𝐞𝐞𝐞 (𝑭𝑭…



Sanity Check 1 – Zero Torsion Limit

0.0 0.2 0.4 0.6
0.00

0.05

0.10

0.15

0.20

0.25

0.30

Normalized extension ⁄𝑧𝑧 𝐿𝐿

Fo
rc

e 
𝐹𝐹

(p
N

)
— BM model: exact numerical solution 
- - Bouchiat model: MS interpolation formula with 7th order polynomial
- - MS model: interpolation formula
— MS model: 𝑔𝑔 from variational method
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Gao et al., PRL, 2021



Sanity Check 2 – Hat Curves

Our reproduction

Extension 

turns

Bouchiat and Mezard, PRL, 1998

Gao et al., PRL, 2021

0.328 pN

0.116 pN

0.197 pN
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Torsion of Fundamental Processes on DNA

twist
(+)

E. coli RNAP

+ + +

Angular Optical Trap

Transcription Chromatin

Ma et al., Science, 2013
Ma et al., PNAS, 2019

Le, et al., Cell, 2019



… standing on the shoulders of giants
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