
blue = protein folding, structure/function
green = mechanics, forces, elasticity
yellow = imaging methods development
orange = non-imaging methods development
pink = dynamics, motility
purple = complex systems, collective behavior

Time to choose!



• Paul Hansma: Development of AFMs to monitor individual protein 

molecules, in liquids (1990-2000)
"For pioneering contributions to the development of biological scanning probe 
microscopy and for the molecular resolution imaging of biological molecules in 
aqueous solutions.” (2000)

• Carlos Bustamante: Study of DNA, RNA, and protein molecular 

mechanics (1990-2000)
"For his pioneering work in single molecule biophysics and the elucidation of the 
fundamental physics principles underlying the mechanical properties and forces 
involved in DNA replication and transcription.” (2002)

• Steven M. Block: Optical tweezers, molecular motors (kinesin, RNA 

polymerase) (1990-2000)
"For his originality in the direct measurement of forces and motions in single 
biomolecular complexes undergoing the nucleoside triphosphate hydrolysis 
reactions that drive intracellular transport, cell motility, and DNA and RNA 
replication.” (2008)

Lectures 7, 8, 9



Why study single molecules?

Previously:

Ensemble experiments hide the true dynamics of individual 
molecules.

“Molecular trajectories” of single molecules are more readily 
interpretable in mechanistic frameworks.

By exerting forces and measuring displacements, 
simultaneously measure dynamics and energy landscape.

“There are two breads. 
You eat both, I eat none. 
Average consumption: 
One bread per person.”

-- Nicanor Parra



How: Optical tweezers

State of the art

Use of optical traps for the manipulation of biological particles was recently proposed, 

and initial observations of laser trapping of bacteria and viruses with visible argon-laser 
light were reported1. We report here the use of infrared (IR) light to make much improved 
laser traps with significantly less optical damage to a variety of living cells. 

…
Damage-free trapping and manipulation of suspensions of red blood cells of humans and 

of organelles located within individual living cells of spirogyra was also achieved, largely 
as a result of the reduced absorption of haemoglobin and chlorophyll in the IR. Trapping 
of many types of small protozoa and manipulation of organelles within protozoa is also 

possible. The manipulative capabilities of optical techniques were exploited in 
experiments showing separation of individual bacteria from one sample and their 

introduction into another sample. Optical orientation of individual bacterial cells in space 
was also achieved using a pair of laser-beam traps. These new manipulative techniques 
using IR light are capable of producing large forces under damage-free conditions and 

improve the prospects for wider use of optical manipulation techniques in microbiology.



Why study single molecules?
Carlos Bustamante
https://www.ibiology.org/biochemistry/optical-tweezers/ 
Why single molecules, how are they different from bulk? (0:00-13:30)
Q: How does this relate to the previous module, “Molecular structure”?

Multimodal populations of molecules
How does gel electrophoresis separate molecules of different sizes?
DNA elasticity: measure with optical tweezers. Highly non-linear spring.
Single DNA molecules (13:30-27:00)
Q: How does this relate to the previous module, “Molecular structure”?
How does this relate to the previous awardee’s methods? Optical tweezers vs AFM?

Central Dogma 
https://www.ibiology.org/biochemistry/optical-tweezers/ (27:00-38:00)
https://www.ibiology.org/talks/optical-traps/#part-3 (0-20:00)

RNA polymerase, transcribing DNA to make RNA
Ribosome, translating mRNA to make protein
Noise and measurement limits
DNA packaging motor
Stall forces of motors

https://www.ibiology.org/biochemistry/optical-tweezers/
https://www.ibiology.org/biochemistry/optical-tweezers/
https://www.ibiology.org/talks/optical-traps/


• Pay attention to the sources, their attributes and “genre”

• What was the scientific breakthrough?

• Can you identify a key insight(s) needed for the breakthrough?

• How do the findings align with or challenge existing models?

• Can you put this work in the context of others in the course? Compare/contrast.

• What are some potential implications of their findings?

Guiding questions



Single molecule mechanics

Breakthrough

What was the gap?
How was it overcome?



The stuff of life

Nucleic acids and proteins are polymer languagesPreviously:



Impact

Single molecule force spectroscopy

What was the gap?
How was it overcome?



Single molecule force spectroscopy
Carlos Bustamante iBiology
https://www.ibiology.org/biochemistry/optical-tweezers/ (9:00-27:00)

Multimodal populations of molecules
How does gel electrophoresis separate molecules of different sizes?
DNA elasticity: measure with optical tweezers. Highly non-linear spring.

Paradigm shift (1980-1990’s): 
bag of concentrated solution undergoing chemical reactions
vs. factory with network of interlocking assembly lines, protein machines

Central Dogma 
https://www.ibiology.org/biochemistry/optical-tweezers/ (27:00-38:00)
https://www.ibiology.org/talks/optical-traps/#part-3 (0-20:00)

RNA polymerase, transcribing DNA to make RNA
Ribosome, translating mRNA to make protein
Noise and measurement limits
DNA packaging motor
Stall forces of motors

https://www.ibiology.org/biochemistry/optical-tweezers/
https://www.ibiology.org/biochemistry/optical-tweezers/
https://www.ibiology.org/talks/optical-traps/


History

Carlos Bustamante

•Vilcek Prize in Biomedical Science (2012)
•Richtmyer Award, American Association of Physics Teachers (2005)
•Alexander Hollaender Award in Biophysics, National Academy of Sciences (2004)
•Biophysical Society Founder’s Award (2004)
•American Physical Society Biological Physics Prize (2002)
•Member of the National Academy of Science (2002)
•Time magazine’s America’s Best (2001)
•American Physical Society Fellow (1995)
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