Aggrecan: Resists Compression (in tissues)

Collagen: Resists Tension (in tissues)
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 Need 2 independent measurements (2 moduli),
to completely characterize an elastic tissue

* Every elastic modulus can then be expressed
in terms of those 2 moduli
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Regulation of gene expression in intervertebral disc cells

by low and high hydrostatic pressure
(Eur Spine J, 2006)
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with cell-seeded collagen gels
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Intervertebral Disc
(Peter Roughley, Spine, 2004)
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“Creep-Compression” of intervertebral disc (rat tail)
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Source: Bruneau, Amélie, et al. ‘|Preparation of Rat Tail Tendons for
Biomechanical and Mechanobiological Studies." Journal of Visualized
Experiments 41 (2010).
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“Creep-Compression” of intervertebral disc (rat tail):

Apply constant stress (o,) and measure displacement (strain) vs time
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on Mechanical Properties of Stress Relaxation
Multiple Tendons in Knockout
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Apply step in strain (¢,,) and measure stress vs time
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PROTEOGLYCAN SUPERFAMILY

« ECM molecules with (1) Core protein, and
(2) Glycosaminoglycan (GAG) chains

« “Sub-families” include >
- Extracellular ¢ Large Aggregating (Aggrecan)
e Small Leucine-Rich PG (SLRPs)
- Cell Surface (e.g., glycocalyx HSPGs)




PI‘OteOg chans Encyclop Life Sci, 2009

Nancy B Schwartz, university of Chicago, linois, USA

Need for What is a proteoglycan?
Compression =
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Protein Sugar

1. Heterogeneous

2. Core protein

- . Sugar chain
Decorln // > ?a)gTwo categories:

(1) Sulfated 7
Chondriotin sulfate (CS)

Dermatan sulfate (DS)
Keratan sulfate (KS)

\ Heparan sulfate (HS)
(2) No sulfate

Hyaluronic acid (HA)
ﬁ Syndecan Serglycan

' Aggrecan

© 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).

13


http://ocw.mit.edu/help/faq-fair-use/
http://dx.doi.org/10.1002/9780470015902.a0000623.pub3

Table 1. Extracellular matrix proteoglycans (Proteoglycan Superfamily)

(36 - 42 or more)

GEME NAME COMMOMN NAME(S) DOMAINS GAGs

HSPG2 heparan suffate proteoglycan 2/perlscan complax HE/CS W -._:%:_a .?—
S X -1 =7 ) M- Te' | - == LRR maybe none M.

BGN bi LRR CS/DSs o O
| pon  geon LRR csiDs N Eibk GhEE

FMOD fibrormodulin LRR KS

KERA keratocan LRR K3 o %%% %%% % o

Lum lumican LRR KS

OMD oeteomaodulin/ostecadharin LRR K3

PRELP PRELPYprolargin LRR KS 77

(profarg-endileu-rich repeat protain

EPYC apiphycan - LRA CS/Ds W P La rg e

OGN osteoghycin/mimacan LRR K5 NT SmE LY

OPTC opticin SLRPS LRR K a ggregating

CHAD chondroadherin LRR miaybe none ccre - olclelch e

CHADL chondroadharin-like LRR miybe none wREDS =S DSt

MNYX nyctalopin {probably GPI-lnked) LRR maybe none s

MEPNP nephrocan (pseudogena in human) LRR - M-

PODN podocan LRR maybe none sy o S N ! T I I NG o W

PODNL1 podocan-like 1 _ LRR miaybe none e i G e

ACAN aggrecan LINKSCLEC/CCP  CSKS

BCAN brevican LINKACLEC/CCP  C5 —

NCAN neurocan LINKACLEC/CCP C3

VCAN versican LINKACLEC/CCP  CS/DS

HAPLN1 hyaluronan and proteoglycan link protein 1 LINK

HAPLN2 hyaluronan and proteoglycan link protain 2 LINK

HAPLNZ hyaluronan and proteoglycan link protein 3 LINK

HAPLMN4 hyaluranan and protesoglycan link protein 4 LIME

PRG2 proteoglycan 2, bone marrow PG CLEC

PRG3 proteoglycan 3 CLEC

SPOCKI1 testican 1 SPARC, Kazal, TY CS/KS

SPOCK2 testican 2 SPARC, Kazal, TY CS/KS — |y j—

SPOCK3 testican 3 SPARC, Kazal, TY CS/KS

PRG4 proteoglycan 4ubricin SOHX miaybe none

SRGN serglycin serglycin HE/CS

IMPG1 interphotoraceptor matrix protecglycan 1 SEA domain Cs

IMPG2 interphotoreceptor matrix protecglycan 2 SEA domain cs

ESM1 endocanfendathelial cell-specific molecule 1 1B domain ce/Ds

© Cold Spring Harbor Laboratory Press. All rights reserved. This content is excluded from our
Creative Commons license. For more information, see pttp://ocw.mit.edu/help/fag-fair-use/.
Source: Hynes, Richard O., and Alexandra Naba. "Overview of the Matrisome—An Inventory of
Extracellular Matrix Constituents and Functions." &RIG 6SULQJ +DUERU 3HUVSHFILYHV [Q %LRIRI\ 4,
no. 1 (2012): a004903.
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Decorin & Collagen Fibrillogenesis

Collagen

decorin
KO

Courtesy of The Journal of Biological Chemistry. Used with permission.
Source: Iozzo, Renato V. "[I'he Biology of the Small Leucine-rich Proteoglycans

Functional Network of Interactive Proteins." Journal of Biological Chemistry
274, no. 27 (1999): 18843-6.

~— only 1 GAG chain
f Ieucme reS|dues

I’.’l".‘l’.’.’l"" Decorin

Ex a m p I e of Figure 4 Ultrastructural appearance of dermal collagen from the skin of decorin null (4 and B)
and wild-type (C) mice. Notice the larger and irregular cross-sectional profiles in the decorin null

S m a I I - Le u c i n e - Ri c h collagen fibers (asrerisks) with evidence of lateral fusion (4, arrowheads). Bar: 90 nm.

© Annual Reviews. All rights reserved. This content is excluded from our Creative
P roteog cha ns Commons license. For more information, see http://ocw.mit.edu/help/faq-fair-use/.

Source: Iozzo, Renato V. "Matrix Proteoglycans: From Molecular Design to Cellular
Function." Annual Review of Biochemistry 67, no. 1 (1998): 609-52.

Normal
(WT)

(lozzo +, Normal and decorin null mice, J Biol Chem 1999)
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Collagen molecules

N ; Glvcosaminoglycan Protein _
Collagen molecules y(sugar chs?irr} - Collagen fiber

b
FIBRIL
Collagen molecules Collagen fibrils embedded
embedded in water matrix in proteoglycan matrix

Courtesy of Elsevier, Inc., http://www.sciencedirect.com. Used with permission.
Source: Gautieri, Alfonso et al. "Viscoelastic Properties of Model Segments of
I:ollagen Molecules." Matrix Biology 31, no. 2 (2012): 141-9.

Gauteri, Buehler et al., Matrix Biology, 31:141-9, 2012
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Influence of Decorin and Biglycan
on Mechanical Properties of

“Stress Relaxation”

Multiple Tendons in Knockout
Mice

Apply step in strain (¢,,) and measure stress vs time
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Source: Robinson, Paul S., et al. "[nfluence of Decorin and Biglycan on Mechanical
Properties of Multiple Tendons in Knockout Mice." Journal of Biomechanical

Engineering 127, no. 1 (2005): 181-5.

Robinson+, J Biomech Eng, 2005
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“‘Lumped Element”
Viscoelastic Models



Matrix Biology, March 2012, 31:141-9

Viscoelastic properties of model segments of collagen molecules

Alfonso Gautieri *”, Simone Vesentini °, Alberto Redaelli , Markus ]. Buehler #*

» ....a deep understanding of the relationship between molecular
structure and mechanical properties remains elusive, hindered by the
complex hierarchical structure of collagen-based tissues...

» Although extensive studies of viscoelastic properties have been
pursued at the macroscopic (fiber/tissue) level, fewer investigations
have been performed at the smaller scales, including collagen
molecules and fibrils.

* Here, using atomistic modeling, we perform “in silico” creep tests
of a collagen-like peptide.....relate time-dependence to molecular
structure
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Courtesy of Elsevier, Inc., http://www.sciencedirect.com. Used with permission.
Source: Gautieri, Alfonso et al. "Viscoelastic Properties of Model Segments of

|:o||agen Molecules." Matrix Biology 31, no. 2 (2012): 141-9.
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“In silico” creep test of a segment of a collagen molecule
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Fig. 1. Snapshots of the collagen peptide in water box, Panel a shows the conformation of the full atomistic model of a {(GPO ), |3 collagen peptide solvated in water box and eguil-
ibrated for 30 ns. After equilibration the molecule is subjected to virtual creep tests: one end of the collagen peptide is held fixed, whereas the other end is pulled with constant
force (from 300 pN to 3000 pN) until end-to-end distance reaches equilibrium (Panel b). Panel ¢ shows a schematic of the creep test; a constant force is applied instantaneously

to the molecule and its response (deformation over time) is monitored. The mechanical response of collagen molecule is modeled using a KV model, from which molecular Young's
modulus (E) and viscosity (1) are calculated.
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Force
Deformation

Courtesy of Elsevier, Inc., http://www.sciencedirect.com. Used with permission.
Source: Gautieri, Alfonso et al. "Viscoelastic Properties of Model Segments of
[Collagen Molecules." Matrix Biology 31, no. 2 (2012): 141-9.
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Source: Vesentini, Simone, et al. "Nanomechanics of Collagen Microfibrils." Muscles,
Ligaments and Tendons Journal 3, no. 1 (2013): 23.

Fig. 2. 5ingle molecule creep test. Mechanical response of solvated collagen molecule to
creep tests for three cases with increasing value of external force. Dots represent the
experimental data, whereas curves represent the fitted curves using a Kelvin-Voigt

model.
T=(n/E) ~ 0.5 ns

21


http://ocw.mit.edu/help/faq-fair-use/
http://dx.doi.org/10.11138/mltj/2013.3.1.023

We use the KV model to fit the extension-time curves since this
model is the most basic viscoelastic mechanical model available and
it provides an excellent fit to the measured mechanical response. It

© CIC Edizioni Internazionali. All rights reserved. This content is excluded from our Creative
Commons license. For more information, see http://ocw.mit.edu/help/faqg-fair-use/.

Source: Vesentini, Simone, et al. "Nanomechanics of Collagen Microfibrils." Muscles,
Ligaments and Tendons Journal 3, no. 1 (2013): 23.
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Source: Vesentini, Simone, et al. "Nanomechanics of Collagen Microfibrils." Muscles,
Ligaments and Tendons Journal 3, no. 1 (2013): 23.

We use the KV model to fit the extension-time curves since this

model is the most basic viscoelastic mechanical model available and
it provides an excellent fit to the measured mechanical response. It
is of great interest to discuss whether the two elements of the KV

model, i.e. the purely elastic spring and the purely viscous dashpot,
have an actual physical meaning, A likely explanation would be that
the elastic spring corresponds to the protein backbone, while the
damping effect could be attributed to the interchain H-bonds. The
backbone deformation include dihedral, angle and bond deformation,
which are terms expressed by harmonic (or similar) functions in the
molecular dynamics force field, and thus result in an elastic response
to stretching. On the other hand, the viscous behavior may be due
to the breaking and reforming of H-bonds, in particular H-bonds
between the three collagen chains.
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“In silico” creep test of a segment of a collagen molecule
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Fig. 1. Snapshots of the collagen peptide in water box. Panel a shows the conformation of the full atomistic model of a {(GPO J,, |3 callagen peptide solvated in water box and equil-
ibrated for 30 ns. After equilibration the molecule is subjected to virtual creep tests: one end of the collagen peptide is held fixed, whereas the other end is pulled with constant
force (from 300 pN to 3000 pN) until end-to-end distance reaches equilibrium (Panel b). Panel ¢ shows a schematic of the creep test; a constant force is applied instantaneously
to the molecule and its response (deformation over time) is monitored. The mechanical response of collagen molecule is modeled using a KV model, from which molecular Young's
modulus (E) and viscosity (1) are calculated.

Courtesy of Elsevier, Inc., http://www.sciencedirect.com. Used with permission.
Source: Gautieri, Alfonso et al. "Viscoelastic Properties of Model Segments of
Lollagen Molecules." Matrix Biology 31, no. 2 (2012): 141-9.
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Source: Robinson, Paul S., et al. "[nfluence of Decorin and Biglycan on Mechanical

properties of Multiple Tendons in Knockout Mice." Journal of Biomechanical

Engineering 127, no. 1 (2005): 181-5.

Robinson+, J Biomech Eng, 2005
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...... the viscous behavior of fibrils and fibers involves additional
mechanisms, such as molecular sliding between collagen molecules
within the fibril or effects of relaxation of larger volumes of solvent

Courtesy of Elsevier, Inc., http://www.sciencedirect.com. Used with permission.
Source: Gautieri, Alfonso et al. "Viscoelastic Properties of Model Segments of
[Collagen Molecules." Matrix Biology 31, no. 2 (2012): 141-9.



http://dx.doi.org/10.1016/j.matbio.2011.11.005
http://www.sciencedirect.com
http://dx.doi.org/10.1016/j.matbio.2011.11.005

MIT OpenCourseWare
http://ocw.mit.edu

20.310J / 3.053J / 6.024J / 2.797J Molecular, Cellular, and Tissue Biomechanics
Spring 2015

For information about citing these materials or our Terms of Use, visit: http://ocw.mit.edu/terms.



http://ocw.mit.edu
http://ocw.mit.edu/terms



