
Intracellular molecules: Cytoskeleton, DNA…
 

Intermediate
Microfilaments Microtubules filaments 

Images of microfilaments, microtubules, intermediate filaments, and DNA removed due to copyright restrictions.
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rER 

Golgi 

Another view 
of the Cell: 

© source unknown. All rights reserved. This content is excluded from our Creative
Commons license. For more information, see http://ocw.mit.edu/help/faq-fair-use/.
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ECM 

Cell 

© Pearson Education. All rights reserved. This content is excluded from our Creative
Commons license. For more information, see http://ocw.mit.edu/help/faq-fair-use/.
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Cells Synthesize 100s of Extracellular Matrix Macromolecules 

collagens 

proteoglycans 

glycoproteins 

non-collagenous proteins 
(Dick Heinegård, Nature Revs. Rheumatology 2010)
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© Wiley. All rights reserved. This content is excluded from our Creative Commons license. For more information, see http://ocw.mit.edu/help/faq-fair-use/.
Source: Heinegård, Dick, and Tore Saxne. "The Role of the Cartilage Matrix in Osteoarthritis." Nature Reviews Rheumatology 7, no. 1 (2011): 50-6.
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 Mechanics�Biology: Organ, Tissue, Cell, & Molecular Levels
 

Images removed due to copyright restrictions.
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Collagen fibrils (from sciatic nerve)
 

Images removed due to copyright restrictions.

(AJ Hodge, electron microscopy; Textbook, page 17)
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How much Force is required to stretch a typical 


strand of DNA by 10% of its contour length?
 

kBT = 4 pN • nm 

Lp = 50 nm 

R/Lc = 0.01 

Lc = 15 Im 

F 

F = ?? R 

7 

7



DNA extension --
comparison of 

Gaussian chain 
(Hooke䇻s law) FJC 

and WLC.

Best fit is with 
“worm-like chain” 

Fo
rc

e 
(p

N
)
Extension (x/L) 

Courtesy of Elsevier, Inc., http://www.sciencedirect.com. Used with permission.
Source: Bustamante, Carlos, Steven B. Smith, et al. "Single-molecule Studies of
DNA Mechanics." Current Opinion in Structural Biology 10, no. 3 (2000): 279-85.
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Collagen fibrils (from sciatic nerve)
 

Images removed due to copyright restrictions.

(AJ Hodge, electron microscopy; Textbook, page 17)
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(repeating peptide triplet)Collagen structure 

primary 
(a-chain: left-handed helix)
 

secondary
 

(3 a-chains � right-handed superhelix)
 

tertiary
 

quaternary
 

(Textbook, page 16) (molecules quarter staggered; X-links) 

© source unknown. All rights reserved. This content is excluded from our Creative
Commons license. For more information, see http://ocw.mit.edu/help/faq-fair-use/.
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 Work leading up to "announcement" of Structure of Type I Collagen: 
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© Nature Publishing Group. All rights reserved. This content is excluded from our Creative Commons license.
For more information, see http://ocw.mit.edu/help/faq-fair-use/.
Source: Rich, Alexander, and Francis Crick. "The Structure of Collagen." Nature, no. 176 (1955): 915-916.

http://dx.doi.org/10.1038/176915a0
http://ocw.mit.edu/help/faq-fair-use/


© The Biochemical Society. All rights reserved. This content is excluded from our Creative
Commons license. For more information, see http://ocw.mit.edu/help/faq-fair-use/.
Source: Bowes, Joane H., and R. H. Kenten. "The Amino-acid Composition and Titration
Curve of Collagen." Biochemical Journal 43, no. 3 (1948): 358.

(Textbook, page 18)
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XXVIII Feb ‘06 

The Collagen Superfamily 
Ricard-Blum et al., Top Curr Chem, 2005 
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cDNA Cloning 

Biochemistry 

XXVIXSept ‘07 

‘08 

© Springer-Verlag Berlin Heidelberg. All rights reserved. This content is excluded from our
Creative Commons license. For more information, see http://ocw.mit.edu/help/faq-fair-use/.
Source: Ricard-Blum, Sylvie, Florence Ruggiero, and Michel van der Rest. "The Collagen
Superfamily." In Collagen. Springer Berlin Heidelberg, 2005, pp. 35-84.
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 How do cells make collagen molecules and regulate 

“fibrillogenesis” ?? 

dogma?? 
© source unknown. All rights reserved. This content is excluded from our Creative

Courtesy of Macmillan Publishers Limited.
Used with permission. Source: Kalluri, Raghu.
"Basement Membranes: Structure, Assembly
and Role in Tumour Angiogenesis." Nature
Reviews Cancer 3, no. 6 (2003): 422-33.

Commons license. For more information, see http://ocw.mit.edu/help/faq-fair-use/.
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                 Corneal Stroma 
(normal: top; cataract: below) 

NP 

AF 

Human Intervertebral Disc 

1   m 

Tendon Fibers 
~200 nm diam 
(Lin Han, AFM) 

28 nm diam ( TEM, Karl Kadler; 
embryonic chick tendon, JCB ’04) 

Courtesy of Rockefeller University Press. License: CC BY-NC-SA.
Source: Canty, Elizabeth G. "Coalignment of Plasma Membrane
Channels and Protrusions (fibripositors) specifies the Parallelism
of Tendon." The Journal of Cell Biology 165, no. 4 (2004): 553-63.

(Text book page 241) 

© source unknown. All rights reserved. This content is excluded from our Creative
Commons license. For more information, see http://ocw.mit.edu/help/faq-fair-use/.
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Collagen Architecture 
in Articular Cartilage 

(Rabbit) 

1 mo. 2 mo. 

3 mo. 

8 mo. (adult) 

(Hunziker+, 2007) (Text book page 241) 
Courtesy of Elsevier, Inc., http://www.sciencedirect.com. Used with permission.
Source: Hunziker, E. B., et al. "The Structural Architecture of Adult Mammalian Articular
Cartilage Evolves by a Synchronized Process of Tissue Resorption and Neoformation
during Postnatal Development." Osteoarthritis and Cartilage 15, no. 4 (2007): 403-13.
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Electron micrographs of the interterritorial matrix of articular
cartilage from the medial femoral condyle of an eight-month-old
rabbit removed due to copyright restrictions.  Source: Figure 3 in
Buckwalter, J. A. and J. J. Mankin. "Articular Carilage: Part I." The
Journal of Bone and Joint Surgery 79-A, no. 4 (1997): 600.

http://www.sciencedirect.com
http://dx.doi.org/10.1016/j.joca.2006.09.010
http://dx.doi.org/10.1016/j.joca.2006.09.010
http://dx.doi.org/10.1016/j.joca.2006.09.010
http://jbjs.org/content/jbjsam/79/4/600.full.pdf


       
            

        

 Collagen Superfamily: Types I – XXVIII
 

Nomenclature: 

a-chains 


of the different
 
collagen types
 

(Gordon & Hahn, Cell Tiss Res, 2010) 

© Springer-Verlag. All rights reserved. This content is excluded from our Creative
Commons license. For more information, see http://ocw.mit.edu/help/faq-fair-use/.
Source: Gordon, Marion K., and Rita A. Hahn. "Collagens." Cell and Tissue Research
339, no. 1 (2010): 247-57.
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“FACIT” Col IX, XII, … Type IV (network) Collagen: Basement mem 

(Gordon & Hahn, Cell Tiss Res, 2010) 

Collagen forms 
fibrils, 

networks, other 
aggregates… 

“Fibrillar” Col I, II, III, V, XI 

Genes conserved from sponges to humans 

Type IX 

© Springer-Verlag. All rights reserved. This content is excluded from our Creative
Commons license. For more information, see http://ocw.mit.edu/help/faq-fair-use/.
Source: Gordon, Marion K., and Rita A. Hahn. "Collagens." Cell and Tissue Research
339, no. 1 (2010): 247-57.
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� 

Biophys J, Feb 2012
 

• ABSTRACT Collagen constitutes one-third of the human proteome, 

providing mechanical stability, elasticity, and strength to organisms. 

Normal type I collagen is a heterotrimer… A homotrimer is 
found in fetal tissues, fibrosis, and human cancers, and in a mouse 
model brittle bone disease, osteogenesis imperfect…. Experimental 
studies of oim tendon and bone show reduced mechanical strength… 

• Here, fully atomistic simulations of … mouse type I heterotrimer and 
homotrimer collagen … are developed … 

• Homotrimer Lp is half that of the heterotrimer (9.6 nm vs. 21.5 nm), 
indicating it is more flexible and confirmed by direct mechanical 
testing. …Implications for reduced intermolecular cross-lin�ing 
reduced mechanical strength. 
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(J Biomechanics, 2004) 

Courtesy of Elsevier, Inc., http://www.sciencedirect.com. Used with permission.
Source: Sun, Yu-Long et al. "Stretching Type II Collagen with Optical Tweezers."
Journal of Biomechanics 37, no. 11 (2004): 1665-9.

~300 nm
 biotin -- streptavidin
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Magnetic Tweezer
 

Image removed due to copyright restrictions.
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Worm-like chain model was fit to the data: Lp = 11.2 ± 8.4 nm
 

Type II Collagen 
(homotrimer) E ~ 200-300 MPa 

EI = kBTLp 

Courtesy of Elsevier, Inc., http://www.sciencedirect.com. Used with permission.
Source: Sun, Yu-Long et al. "Stretching Type II Collagen with Optical Tweezers."
Journal of Biomechanics 37, no. 11 (2004): 1665-9.

(Sun+, J Biomechanics, 2004)
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(J Biomechanics, 2004) 

Courtesy of Elsevier, Inc., http://www.sciencedirect.com. Used with permission.
Source: Sun, Yu-Long et al. "Stretching Type II Collagen with Optical Tweezers."
Journal of Biomechanics 37, no. 11 (2004): 1665-9.

Lp ccR 
R 

Worm-like chain model
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Worm-like chain model 
•	 Polymer is treated as a flexible rope rather than a 

collection of freely-jointed rigid rods 
•	 Bending stiffness accounted for directly 
•	 Enthalpic contributions important 

Lp 

…where Lp = persistence length 
Lc = contour length 

= end-to-end distance R 

24



Persistence Length Lp : the length scale over 
which a polymer remains roughly straight 

(~ 50 nm for DNA) 


4 μm 
AFM image of DNA Simulated worm-like 
on 2D mica surface Chain in 2D 

© source unknown. All rights reserved. This content is excluded from our Creative
Commons license. For more information, see http://ocw.mit.edu/help/faq-fair-use/.
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Estimation of Persistence Length, Lp
 

� 
� 

l Equilibration of a 
molecule on a 2D 
surface is manifested by 
a Gaussian distribution of Lp is calculated 

from WLC model: the angles formed by the 
�� 2 ( )l �2D � l 

projected vectors, lLp 

(Rivetti, Bustamante, J Molec Biol, 1996: estimated Lp of 
DNA from AFM images on 2D mica surfaces) 
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   l 

Estimation of Persistence Length, Lp
 

� 
� 

Lp ~ Lc stiff needle-like 
molecule 

Lp << Lc “ floppy” 
molecule 

E I E = “Young’s modulus” Lp = 
kbT I = area moment of inertia 

Rivetti, Bustamante, J Molec Biol, 1996: estimated Lp
of DNA from AFM images on 2D mica surfaces) 
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Pro-collagen molecule _
 

Force - extension
 

Fit by WLC 

model
 

(Sun+, J Biomechanics, 2004)
 
Courtesy of Elsevier, Inc., http://www.sciencedirect.com. Used with permission.
Source: Sun, Yu-Long, et al. "Stretching Type II Collagen with Optical Tweezers."
Journal of Biomechanics 37, no. 11 (2004): 1665-9.

Tendon     

© Taylor & Francis Group. All rights reserved. This content is excluded
from our Creative Commons license. For more information, see
http://ocw.mit.edu/help/faq-fair-use/.
Source: Kastelic, J., A. Galeski, et al. "The Multicomposite Structure
of Tendon." Connective Tissue Research 6, no. 1 (1978): 11-23.

E~1 GPa 

Courtesy of Elsevier, Inc., http://www.sciencedirect.com. Used with permission.
Source: Gutsmann, Thomas, et al. "Force Spectroscopy of Collagen Fibers to
Investigate their Mechanical Properties and Structural Organization." Biophysical
Journal 86, no. 5 (2004): 3186-93.

Stress vs strain curve of a rat tail 

tendon: (A-B) Toe - heel region, 

(C) linear region, (D) plateau, 

(E) rupture of the tendon. 

(Gutsmann+, Biophys J, 2004) 28
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Collagen is a Protein: 

What about Thermal Denaturation!?
 

Courtesy of Matthew Murdoch.
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Collagen Molecules in Solution
 

© ACS Publications. All rights reserved. This content is excluded from our Creative
Commons license. For more information, see http://ocw.mit.edu/help/faq-fair-use/.
Source: von Hippel, Peter H., and Kwok-Ying Wong. "The Collagen [UNK] Gelatin Phase Transition. I. Further Studies
of the Effects of Solvent Environment and Polypeptide Chain Composition*." Biochemistry 2, no. 6 (1963): 1387-98. 30

http://ocw.mit.edu/help/faq-fair-use/
http://dx.doi.org/10.1021/bi00906a035
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You Are 
JELLO ? 

��Helix - Coil 

© ACS Publications. All rights reserved. This content is excluded from our Creative
Commons license. For more information, see http://ocw.mit.edu/help/faq-fair-use/.
Source: von Hippel, Peter H., and Kwok-Ying Wong. "The Collagen [UNK] Gelatin Phase Transition. I. Further Studies
of the Effects of Solvent Environment and Polypeptide Chain Composition*." Biochemistry 2, no. 6 (1963): 1387-98.
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(PNAS, 2002) 

Courtesy of the National Academy of Sciences. Used with permission.
Source: Leikina, E. et al. "Type I Collagen is Thermally Unstable at Body
Temperature." Proceedings of the National Academy of Sciences 99,
no. 3 (2002): 1314-8.
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�

(repeating peptide triplet)Collagen structure 

primary 
(a-chain: left-handed helix)
 

secondary
 

(3 a-chains right-handed superhelix)
 

tertiary
 

quaternary
 

(Textbook, page 16) (molecules quarter staggered; X-links) 

© source unknown. All rights reserved. This content is excluded from our Creative
Commons license. For more information, see http://ocw.mit.edu/help/faq-fair-use/.
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Demo: 


Mechanochemistry and Biomechanical Properties 

at Molecular and Tissue Levels
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ACL Tear: Molecular / Tissue-Level Injuries
 

(ACL = anterior cruciate ligament)
 

Images removed due to copyright restrictions.
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• 82% of Women with a torn 
ACL show the beginning stages 
of OA 12 years after injury 
(by age 31 (ave)) (Lohmander, 2004) 

Scientific American, 2000 

Mechanical and 
Biological 
Consequences…. 

© Scientific American. All rights reserved. This content is excluded from our Creative
Commons license. For more information, see http://ocw.mit.edu/help/faq-fair-use/.
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Fit by WLC 
model 

Tropo-collagen molecule  _
 
Tendon     

© Taylor & Francis Group. All rights reserved. This content is excluded
from our Creative Commons license. For more information, see
http://ocw.mit.edu/help/faq-fair-use/.
Source: Kastelic, J., A. Galeski, et al. "The Multicomposite Structure
of Tendon." Connective Tissue Research 6, no. 1 (1978): 11-23.

E~ 200-300 MPa 

E~1 GPa 

Courtesy of Elsevier, Inc., http://www.sciencedirect.com. Used with permission.
Source: Gutsmann, Thomas, et al. "Force Spectroscopy of Collagen Fibers to
Investigate their Mechanical Properties and Structural Organization." Biophysical
Journal 86, no. 5 (2004): 3186-93.

Force - extension 

Stress vs strain curve of a rat tail tendon:
 
(A-B) "Toe" region, 


(C) linear region, (D) plateau, 
(E) rupture of the tendon.Courtesy of Elsevier, Inc., http://www.sciencedirect.com. Used with permission.

Source: Sun, Yu-Long et al. "Stretching Type II Collagen with Optical Tweezers."
Journal of Biomechanics 37, no. 11 (2004): 1665-9. (Gutsmann+, Biophys J, 2004) 

(Sun+, J Biomechanics, 2004)
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A structure with No intra­
or inter-molecular X-links….. 
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 The Original Bungy Jump: Kuwarau 

River Gorge, Queenstown, New Zealand 


(from AJ Hackett website) 

Risks - Extreme Bungy Jumping: 
• If the bungy cord collapses, one can  

be injured. 

• Other injuries include eye trauma, back 
injury, rope burn, whiplash, bruises, 
dislocations….. 

All-Rubber Bungy Cord: 
• Developed in New Zealand, all-rubber cords 

are collection of more than 1000 individual 
strands of rubber tied together ....... 

© Spy007au on wikipedia. License: CC BY-SA. This content is
excluded from our Creative Commons license. For more
information, see http://ocw.mit.edu/help/faq-fair-use/..
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Kuwarau River Gorge, 

Queenstown, 

New Zealand 


(the original bungy jump)
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Molecular 
Tensile 
Test 

The Original Bungy Jump:
 

over the 

Kuwarau River Gorge, 


Queenstown, 

New Zealand 
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No intra- or inter-molecular 
crosslinks….. 
what were they thinking? 
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Tendon Structure
 

© Taylor & Francis Group. All rights reserved. This content is excluded
from our Creative Commons license. For more information, see
http://ocw.mit.edu/help/faq-fair-use/.
Source: Kastelic, J., A. Galeski, et al. "The Multicomposite Structure
of Tendon." Connective Tissue Research 6, no. 1 (1978): 11-23.

Lots of Intra-molecular and 

Inter-molecular Crosslinks!!
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