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Molecular mechanics of cell adhesion



Our tissues are constantly exposed to 

mechanical stimuli
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The ability to sense and respond to mechanical signals is

called Mechanosensitivity



Dysfunctional processing of mechanical signals 

causes a range of disorders 
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Stimulus

Dystrophy

Atherosclerosis

Epidermolysis

Cardiomyopathy

Asthma

Osteorporosis
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Mechanotranduction Disorders

Muscle Dystrophy

often caused by 

mutations in Dystrophin



The mechanical integrity of the nucleus is 

impaired in Laminopathies
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Hutchinson-Gilford Progery

(Early Aging)

often caused by mutations in 

Lamin-A



Cancer cells are mechanosensitive

from: Levental et al., Cell, 2009
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Primary tumors are stiffer than the 

surrounding tissue

The rigidity of the tumor facilitates 

tumor growth



How can we understand such 

mechanobiological processes ?
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What defines the mechanical 

properties of the extracellular 

environment ?

How do cells sense and translate 

mechanical information into a 

biological response ?



What is surrounding the cell ?
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The mechanical properties 

are largely defined by the 

extracellular matrix (ECM)

The ECM dictates the  

biophysical and 

biochemical properties of 

the tissue



The extracellular matrix
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The ECM is composed of many 

macromolecules that get 

secreted by cells:

- Fibrillar Proteins                  

(e.g. Collagens)

- Glykosaminoglykanes

(GAGs)

- Proteoglykanes

(e.g. Aggrecan)

- Adhesionproteins

(e.g. Fibronectin, Laminin)



Fibrillar Proteins: Collagen
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Collagen is the most 

abundant ECM protein in 

our body

We distinguish 28 different 

collagens in human

Collagens can assemble 

into different structures like 

fibers, membranes, etc.



Collagen and the collagen triple helix
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Collagen is characterized 

by a specific amino acid 

repeat (G-X-Y)n

X: Prolin

Y: Hydroxyprolin

The GXY sequence 

facilitates the formation of a 

helix

Three individual collagen 

helices assemble to form a 

collagen triple helix



The role of hydroxyprolin

Proline

Hydroxy-

Proline

Prolylhydroxylase

+ Vitamin C
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Hydroxyproline stabilizes

the collagen triple-Helix

Hydroxyproline is not a 

genetically encoded

aminoacid

Skorbut is caused by the

lack of hydroxyproline



Prominent collagen disorders 
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Skorbut Osteogenesis Imperfecta

Stickler-SyndromeMorbus Ehlers-Danlos



Connective tissue needs to be elastic too !
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Elastin mediates high elasticity
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Elastin is highly expressed in 

strained tissue (elastin content 

in the uterus increases by 500% 

during pregnancy): 

(P-G-V-G-V-A)n

The elastin molecules is largely 

unstructured
+ ΔS- ΔS

Elastin acts as an entropic 

elastomer



Naturally occurring entropic elastomers
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Elastin

(P-G-V-G-V-A)n

E ~ 0.0011 GPa

Flagelliform

(G-P-G-G-A)n

E ~ 0.003 GPa

Resilin

(G-G-R-P)n

E ~ 0.002 GPa



How does your tissue resist compression ?
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Glykosaminoglykane - GAGs 
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Glycosaminoglykanes (GAGs) 

are sugars with specific side 

chains:

Hyaluronic acid

Chrondoitinsulfate

Dermatansulfate

Keratansulfate

Heparansulfate



GAGs incorporate water molecules
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GAGs are negatively charged and become hydrated under physiological 

conditions



Hyaluronic acid
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Osteoathritis is treated by vascosupplementation:

Injection of hyaluronic acid into affected joint



Proteoglykanes
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Proteoglykanes are proteins with

large sugar side chains. They have

diverse properties, for example:

Mediate mechanical stability

Connect with other ECM Proteins 

(e.g. Decorin binds Collagen I)

Bind (store?) growth factors



Adhesive Glykoproteins
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For example: Fibronektin, Laminin, Vitronektin



Adhesive Glykoproteins
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Laminin

Fibronectin



The basement membrane
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1-2 μm tick layer of assembled ECM proteins (Collagen IV, Laminin, 

Nidogen, Perlecan)

The basement membrane structures our tissues; it mediates cell

adhesion, provides biochemical and biophysical cues



Summary - ECM
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The ECM is dictates the biochemical and biophysical 

properties of our tissues

The ECM comprises many macromolecules including 

Proteins, GAGs, Proteoglykanes und Glycoproteins

Collagens mediate strain resitant fibers

Entropic elastomcers mediate elasticity

GAGs resist compression

Proteoglycans and glycoproteins fulfill diverse functions



How can we understand such 

mechanobiological processes ?
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What defines the mechanical 

properties of the extracellular 

environment ?

How do cells sense and translate 

mechanical information into a 

biological response ?
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Many subcellular organelles are mechanosensitive  

Ion channels 

respond almost 

instantly 

(ms time scale)

Cell adhesion 

structures 

respond within 

s-min

Transcription 

(and expression) 

can be affected 

on the order of 

hours-days

Mechanical 

signaling can 

hardly be 

generalized



Integrins bind the ECM

β
α

intracellular

extracellular
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Integrins are hetero-dimeric

Transmembranproteins

The extracellular part engages 

ECM ligands, the intracellular 

tail mediates the interaction with 

cytoplasmic proteins

Mammals have 24 different 

integrins !



Integrins bind the ECM
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Collagen 

receptors

Laminin

receptors

RGD receptors

(e.g.. FN 

receptor)

Leukocyte 

specific 

receptors

Integrin receptors have redundant and non-

redundant functions



Integrins recruit many cytoplasmic proteins 

and engage the actin cytoskeleton
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Focal Adhesions process chemical and 

mechanical signals



Traction Force Microscopy
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The 

displacement 

of beads can 

be used to 

calculate the 

cellular 

traction forces



Fu et al., Nat Methods, 2010
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Traction Force Microscopy

The degree of nano-pillar deflection can be used 

to calculate traction force magnitude



Other techniques to measure cellular forces
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No access to molecular forces !



Molecular focal adhesion mechanics

It is largely unclear how 

mechanical signals propagate 

across focal adhesions

Integrins - ECM

f-actin / myosin

FA proteins

focal adhesion (FA)

f-actin



Talin-1-Sensor (FAs)

Nature Cell Biol, 2015

Desmoplakin-Sensor (DES)

Nature Comm, 2018

Mechanical forces can be quantified by FRET-

based tension sensors

Grashoff et al. and Schwartz, Nature, 2010

Hoffman, Grashoff and Schwartz, Nature, 2011

Austen et al. and Grashoff, Nat Cell Biol, 2015

Freikamp, Cost and Grashoff, Trends in Cell Biol, 2016

Freikamp et al. and Grashoff, J Struct Biol, 2017

Ringer et al. and Grashoff, Nat Methods, 2017

Price et al. and Grashoff, Nat Comm, 2018

Lemke* et al. Grashoff* and Schnorrer*, PLoS Biology, 2019

News and Views, Technological Feature: Nature, 2010, 2018

Research Highlights: Nat Methods, 2010, 2016

Career Award: German Academy of Sciences, 2014

Innovation Award: German Society of Cell Biology, 2018

Nature Methods, 2017

Sensor 1 Sensor 2 Multiplex

PLoS Biology, 2019



Summary – Cell mechanics
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Cells can use many organelles (adhesion receptors, plasma 

membrane, nucleus, etc.) to sense mechanical signals

ECM mechanics are sensed by integrin receptors

Integrin-mediated mechanotransduction cannot be 

generalized because there are many different integrin 

receptors

Force magnitudes per molecule are low (pN range) and can 

be measured with calibrated FRET-based tension sensors 


