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•	 Completion of genome sequences for many organisms defines the 
complete “list” of extracellular matrix (ECM) proteins. 

•	 In mammals: “core matrisome” comprises ~300 proteins. Also: 
large numbers of ECM modifying enzymes & ECM-binding growth 
factors 

•	 These ECM & ECM-associated proteins cooperate to assemble & 
remodel extracellular matrices and bind to cells through receptors 
so cells can survive, proliferate, differentiate, shape, and migrate. 

•	 ECM proteins were the key to the transition to multi
cellularity, the arrangement of cells into tissues, and the 
elaboration of novel structures during vertebrate evolution. 
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PROTEOGLYCAN SUPERFAMILY
 

• ECM molecules with (1) Core protein, and 

(2) Glycosaminoglycan (GAG) chains 

• “Sub-families” include 
- Extracellular • Large Aggregating (Aggrecan) 

• Small Leucine-Rich PG (SLRPs) 
- Cell Surface (e.g., glycocalyx HSPGs) 
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(Proteoglycan Superfamily)
 

Large 
Aggregating 

PGs 

(36 - 42 or more) 

SLRPS 

© Cold Spring Harbor Laboratory Press. 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: Hynes, Richard O., and Alexandra Naba. "Overview of the Matrisome—An Inventory of
Extracellular Matrix Constituents and Functions." Cold Spring Harbor Perspectives in Biology 4,
no. 1 (2012): a004903.
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Aggrecan: a member of “Subfamily” of             

aggregating proteoglycans ("hyalectans")
 

blood vessel 

walls 

Great in 

Compression 

(disc, cartilage, 


tendons)
 

In brain & 
other nerve 
tissue 

© 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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Large Aggregating Proteoglycans in Brain
 

Physiological 
Reviews 

2000 

Dr. Susan 

Hockfield
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AGGRECAN: Resists Compression
 

AGGRECAN (3 MDa) 

(–) charged 
CS-GAGs

Hyaluronan 

EM: 
Buckwalter, 
Rosenberg 
1980’s 

Aggregate 

Link protein 
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© 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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Astronauts gain 

1-2 inches in height    

during space flight: 


swelling of the 

intervertebral discs 


under 0-gravity:
 

"swelling pressure" 

of highly charged 


ECM…aggrecan !!
 

© 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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Aggrecan: Resists Compression (in Cartilage) 

Collagen: Resists Tension (in Cartilage) 

aggrecan collagen 

© source unknown. All rights reserved. This content is excluded from our Creative © ADAM, Inc. All rights reserved. This content is excluded from our Creative
Commons license. For more information, see http://ocw.mit.edu/help/faq-fair-use/. Commons license. For more information, see http://ocw.mit.edu/help/faq-fair-use/.
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Australian Cat (2kg)
 

Courtesy of Cliff on flickr. License: CC BY.

African 

Elephant
 

(4,000 kg)
 

Scaling of 

body size
 

Perfect Isometric 

scaling of organisms:
 

• Volume-based 
properties change 
proportionally to the 
body mass 

• Surface area-based 
properties change with 
mass to the power 2/3 

• Length-based 
properties change with 
mass to the 1/3 power 
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Species 
Of Mice, Men 
and Elephants: 

.....Cartilage 
Thickness and 
Body Mass..... 
University Medical 

Center,
 
Utrecht, 

The Netherlands
 

How does 
cartilage size & 
biochemical 
content scale 
with increasing 
animal size? 
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H 

Google: “elastic moduli”
Every elastic modulus can be expressed 


in terms of two other moduli
 
bulk Young’s Lamé #2 Shear Poisson Longitudinal 

13



 
  

TISSUE 

Confined 
Compression 

Eisenberg, J Orth Res,1985 

Static Equilibrium Modulus 
(Adult bovine cartilage) 

© 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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TISSUE 

Electrostatic: GAG 

other 

Confined 
Compression 

Eisenberg, J Orth Res,1985 

Static Equilibrium Modulus 
(Adult bovine cartilage) 

© 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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Rat Monkey Rhinoceros 

cartilage cartilage 

bone
 
bone 

200 fm  400  fm 1 mm 

"Safranin-O" (red) stains Glycosaminoglycans 

(of Proteoglycans)  


Courtesy of the authors. Used with permission.
Source: Malda, Jos, et al. "Of Mice, Men and Elephants: The Relation between
Articular Cartilage Thickness and Body Mass." PloS one 8, no. 2 (2013): e57683.
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Courtesy of the authors. Used with permission.
Source: Malda, Jos, et al. "Of Mice, Men and Elephants: The Relation between
Articular Cartilage Thickness and Body Mass." PloS one 8, no. 2 (2013): e57683.
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Courtesy of the authors. Used with permission.
Source: Malda, Jos, et al. "Of Mice, Men and Elephants: The Relation between
Articular Cartilage Thickness and Body Mass." PloS one 8, no. 2 (2013): e57683.

http://dx.doi.org/10.1371/journal.pone.0057683
http://dx.doi.org/10.1371/journal.pone.0057683
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Tensile & Shear Modulus: Collagen
 

Compressive Modulus: Aggrecan-GAGs
 

(Modulus: an "intrinsic material property"   
.....independent of size, shape....) 

Aggrecan
 
-GAGs
= 

Collagen 
© 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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Tensile & Shear Modulus: Collagen
 

Compressive Modulus: Aggrecan-GAGs
 

(Modulus: an "intrinsic material property" 
.....independent of size, shape....) 
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Courtesy of the authors. Used with permission.
Source: Malda, Jos, et al. "Of Mice, Men and Elephants: The Relation between
Articular Cartilage Thickness and Body Mass." PloS one 8, no. 2 (2013): e57683.
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Figure 5. Average collagen cross-link content 
(A) Lysyl-pyridinoline and (B) hydroxylsyl-pyridinoline 
cross-links are independent of body mass 

Body Mass (kg) Body Mass (kg) 

Lysyl-pyridinoline hydroxylsyl-pyridinoline 

x-links x-links 

Courtesy of the authors. Used with permission.
Source: Malda, Jos, et al. "Of Mice, Men and Elephants: The Relation between
Articular Cartilage Thickness and Body Mass." PloS one 8, no. 2 (2013): e57683.
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Courtesy of the authors. Used with permission.
Source: Malda, Jos, et al. "Of Mice, Men and Elephants: The Relation between
Articular Cartilage Thickness and Body Mass." PloS one 8, no. 2 (2013): e57683.
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Courtesy of the authors. Used with permission.
Source: Malda, Jos, et al. "Of Mice, Men and Elephants: The Relation between
Articular Cartilage Thickness and Body Mass." PloS one 8, no. 2 (2013): e57683.
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2
 
3
Loading Area e [width]2 scales as Body Mass
 

Stress = (Force/Area) on Joint surface is ~ Same 
  

• cells have optimized the appropriate ECM
 

Body Mass (kg) 
10,000 

10 

100101 

1 

0.1 
1,000 

100 

C
on

dy
le

 w
id

th
 (c

m
) 

"0 � Ecart �� 

= 

Courtesy of the authors. Used with permission.
Source: Malda, Jos, et al. "Of Mice, Men and Elephants: The Relation between
Articular Cartilage Thickness and Body Mass." PloS one 8, no. 2 (2013): e57683.
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Australian Cat (2kg)
 

Courtesy of Cliff on flickr. License: CC BY.

African 

Elephant
 

(4,000 kg)
 

Scaling of 

body size
 

Perfect Isometric 

scaling of organisms:
 

• Volume-based 
properties change 
proportionally to the 
body mass 

• Surface area-based 
properties change with 
mass to the power 2/3 

• Length-based 
properties change with 
mass to the 1/3 power 
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Encyclop Life Sci, 2009
 

Need for 
Compression 

© John Wiley & Sons, Inc. 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: Schwartz, Nancy B. "Proteoglycans." eLS (2009).
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EM: (1980's) Aggrecan Monomer 

Buckwalter, (Bovine Fetal Epiphyseal)

Rosenberg+ (Ng+, J. Struc Biol, 2003)  

HA 

“Aggregate” 

Mörgelin, 
Heinegård+ 

…why does the cell make such a 
complicated, charged molecule to 

resist compressive loads?? 
(cells in cartilage, disc, tendon, many other tissues) 

GAG 
Chains 

50 nm 

(Tapping mode AFM) 

Core 
Protein 

© 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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Source of Electrostatic Interactions (330 �)
 
(Laurel Ng+, J. Struc Biol, 2003)  

Fetal Epiphyseal (Bovine) Adult - Nasal 
Courtesy Elsevier, Inc., http://www.sciencedirect.com. Used with permission.
Source: Ng, Laurel, et al. "Individual Cartilage Aggrecan Macromolecules and their Constituent Glycosaminoglycans
Visualized via Atomic Force Microscopy." Journal of Structural Biology 143 (2003): 242-57.

Lcontour =  41 ± 7 nm   32 ± 5 nm 
GAG Spacing = 3.2 ± 0.8 nm   4.4 ± 1.2 nm 

(Debye Length ~ 1 nm at physiological ionic strength) 
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Stan Sajdera Vince Hascall
 

c. 1969 
© 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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1969  J Biol Chem1969 J Biol Chem 
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 Laurel Ng, J. Struc Biol, 2003: deleted from Methods before publication �

Preparation of Aggrecan Monomers from Bovine Nasal Cartilage 
MATERIALS: 

GdmHCl, sodium acetate, protease inhibitors and CsCl were purchased 
from Aldrich Sigma Chemical Co, St. Louis MO. Dialysis membranes 
(Spectrapore, 54 mm flat width, a polycarbonate face shield, and the cryo apron 
and safety gloves were obtained through Fisher Scientific. A chain saw (12 hp), a 
fully equipped tool-box and extra strength garbage bags were purchased from 
Sears, Warwick Mall, Providence RI. 

TISSUE PROCUREMENT: 
Eight bovine heads were collected from the local slaughterhouse, placed on   

wet ice and, at midnight, transported in the trunk of a 1969 Chevy Caprice, to a  
2-car-gargage situated on the unoccupied property of 64 Alfred Stone Road 
Providence, RI. Bovine heads were removed from the ice and placed, noses up, 
on the concrete floor before applying a through rinse with water using a garden 
hose. Heads were then individually immobilized in a vice, and……nasal septum 
removed…………using a chain saw. Nasal cartilages were removed, washed 3 
times in ice-cold 50 mM sodium acetate….. 

AGGRECAN EXTRACTION AND PURIFICATION: 
Pooled nasal cartilages (~0.5 kg wet weight) were …. extracted at 4�C for  

48 hours with in 5 L of 4 M guanidine HCl, 100 mM sodium acetate, pH 7.0……. 
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