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Why bio?  And how?
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物理学前辈的启迪…



.

The Cell Is a Collection of Protein Machines.

B. Alberts, Cell  92, 291-294 (1998)

生物学家的邀请…



.

B. Alberts, Nature 421, 431-435 (2003)

It has become customary to explain molecular 
mechanisms through simple cartoons.
BUT fully understanding the mechanism will 
require returning to where the studies of 
DNA first began — in the realms of 
chemistry and physics.

Bruce Alberts, biologist, Editor-in-Chief of 
《Science》



Watson & Crick



from R. P. Feynman’s talk
There’s plenty of room at the bottom. Dec. 29th, 1959

“It is very easy to answer 
many of these 
fundamental
biological questions; you 
just look at the thing!”

Feynman’s suggestions….



Steven Chu’s Action



Other solutions:
Watching the action of a molecule!

?



Why single molecule?



People are used to thinking about biological 
problems in a single molecular way. 



The common language for 
physicists and biologists. 

The single molecule roadmap 
towards quantitative life science.



单分子技术，物理到生物的最佳切入点

A simplified view of the basic life processes



The 2 strands of a DNA must be separated
in order for the genes to be duplicated.



After the separation, there comes the synthesis
of new ssDNA, using a ssDNA as template…



….Then comes the 
production of mRNA



Shaevitz JW, nature 426 684 (2003)

Pause to check Get back if wrong



Force

Ribosome, the factory
of proteins.

Magnetic bead

Evanescent  field 

Laser at critical angle totally reflected

…And almost lastly, the synthesis of proteins



force

光镊

mRNA

新生肽链

激发激光

全反射隐逝场
核
糖
体

反应腔

施主荧光

合成初期只有施主发荧光

核糖体上新生肽链折叠研究原理示意图 I（没有按比例画）

单分子操作＋全内反射荧光共振能量转移



force

光镊

mRNA

新生肽链折叠

激发激光

全反射隐逝场
核
糖
体

受主荧光

折叠发生后受主发荧光

核糖体上新生肽链折叠研究原理示意图 II （没有按比例画）

单分子操作＋全内反射荧光共振能量转移

反应腔

小球移位代表mRNA移位，与多肽合成同步。由此可知多肽合成进度。



Some biochemistry is needed to connect a 
DNA to a surface and hold it via a handle.



Biotin ended

digoxigenin

T4 ligase is used to connect



Instrumentation



Length, energy- and force-scales

Bacteria
Energies

~eV
(1.6 x 10-19 J)

~kBT
(4 x 10-21 J)
or 4 pN nm



Instruments



Manipulating the microscopic world

Optical tweezers Magnetic tweezers

DNA



An optical tweezer setup



Working principle of optical tweezers

• One photon carries momentum p = h/ λ
• photon refraction          momentum change
• Transparent particle of large refractive

index         lens 
• Gaussian beam: intense center
• momentum conservation

Lateral trapping: refraction of Gaussian   
beam         gradient force (Fgr) and a  
scattering force (Fscat).

• The lateral gradient force pulls particle 
to beam center



To CCD

F Bμ= ∇

A magnetic tweezer setup
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Force measurement

F=2.0 pN F=13.0 pN

<L> Fmagδx

Overdamped pendulum



A short story of a helicase

Fu WB, Wang XL, Zhang XH, Ran SY, Yan J, Li M, DNA condensation 
dynamics, J Am Chem Soc, 128,15040(2006).





Nature 
Reviews



Binding Unwinding Rezipping

Expected observations

handle

hairpin

M-bead

magnet



unwinding-rezipping 
events



1)
Dimer is the functional form of UvrD, 
although UvrDs exists in solution as monomers.

[UvrD]=5 nM and 10 nM
[ATP]=1 mM



15 nt

A loading tail longer than 15 nt is required!



2)
There are two binding events before 
dimerization occurs at the DNA junction 



Binding kinetics
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K1=0.23 ±0.05 /s; K2=0.38 ±0.08 /s @ [UvrD]=5 nM



K1=0.05 /s; K2=0.07 /s @ [UvrD]=1 nM

1/K1=20 Sec; 1/K2=14 Sec

K -1=0.12 /s @ [UvrD]=1 nM

1/K -1=8.3 Sec



Model of
the assembly of a dimer at the DNA junction 

3
’

5
’

3
’

5
’

3
’

5
’

loading unwindingsticking dimerizing

3
’

5
’



3)
Dimerization process is dynamical.



Details of the unwinding events



UW=unwinding; SRW=slow rewinding; 
FRW=fast rewinding; P=pausing; UB=unbinding

UB

UB

Details of the unwinding events
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4)
Dimer undergoes a configurational change to 
become active.  



Configurational change of the dimer bends  the 
ssDNA tail. 

Force performs negative work!



Configurational change of the dimer bends  the 
ssDNA tail. 

Force performs negative work!



Docking of two UvrDs supports the mechanism. 

Structures were from the PDB



d~0.7 nm

v=v0 exp(-F*d/kBT)
v0=68 bp/s; JMB(2003)
d=0.7 nm

Configurational change bends  the ssDNA tail by ~50deg. 



Biological significance



A
road
cleaner!



!

Autoinhibitory 2B domain must be 
released to activate the helicase.



Proposed molecular mechanism of UvrD 

EMBO Journal 2008, 27, 3279Sun et al.



Thermodynamics of Kinesin

Kinesin is a motor protein moving along microtubule
toward the plus end

kinesin

Walking on a microtubule



Step size: 8 nm per
ATP consumed

Stepwise movement of kinesin 

Taniguchi et al., Nat Cell Bio(2005) 1, 342



rachet



Can we measure the free energy landscape?
What drives the motor? enthalpy or entropy?



Motion under increasing forces…

Taniguchi et al., Nat Cell Bio(2005) 1, 342

dwell time



Dwell time distributions…, not exponential !
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Dwell time distributions rate constants
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Mechanism of stepping



Summary
Single molecule biological physics is an 

efficient pathway towards quantitative life 
science.

It opens the door for physicists to enter the 
biological realm quickly. 

Its language can be understood by both the 
physicists and the biologists. 

It is a nice choice for people who love bio-x. 
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