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2004 by weight: 
China: 774,131 metric tons (15.6% of top ten total)  
Chile… 738,985 metric tons (14.9%)  
France… 628,017 metric tons (12.6%)  
Italy… 541,969 metric tons (10.9%)  
United States… 491,676 metric tons (9.9%)  
Poland… 407,393 metric tons (8.2%)  
Netherlands … 388,094 metric tons (7.8%)  
New Zealand … 358,327 metric tons (7.2%)  
Belgium… 336,737 metric tons (6.8%)  
South Africa… 305,190 metric tons (6.1%).  

By value 
France … US$574.7 million (18.2% of top ten total)  
Italy … $432.8 million (13.7%)  
United States … $383.7 million (12.2%)  
Chile … $338 million (10.7%)  
New Zealand … $314 million (10.0%)  
Netherlands … $297 million (9.4%)  
China $274.4 million (8.7%)  
Belgium $258.6 million (8.2%)  
South Africa … $181 million (5.7%)  
Poland … $100.8 million (3.2%).  

International Trade@ Suite 101 Apples are a member of the rose family 





Mechanical stability probed by atomic force microscope,  
optical tweezers, etc.   Large  conformational changes 

stretching squeezing 

Fmax maximum resistance to stretching Fc yield force leading to a collapse, 
hardness 

Single molecule - protein Single molecular complex - virus 

twisting 

at constant speed or constant tension 

image: C. Carrasco, Madrid image: J. Fernandez,  New York 



STRETCHING 

An adequate force, Fmax,is needed to generate 
rupture to learn about the structure 

for titin ~ 200 pN 

What is the range of mechanostability for proteins?  
What makes some proteins strong? 



ADD ATTRACTION BETWEEN 
SOME BEADS  to shape the 
homopolymers into the backbones 
of proteins 

TAKE HOMOPOLYMERS – chains of 
tethered beads:    Cα ~ 3.8 Å  apart 

Developed in response to limitations of all-atom models, more qualitative 

Idea: N. Go, 1981 

Coarse-grained structure-based models to deal 
with conformational changes of biomolecules 



overlap of the van der Waals 
spheres of the heavy atoms 

Tsai Taylor Chothia Gerstein 1999 

Defined by the conformation of the native state 

NATIVE CONTACTS 

Effective Cα-Cα interaction 

Trp-cage 1l2y 

implicit water 

Lennard-Jones potential 

ε: 1.6 kcal/mol ~ 800 K 

Room T:  0.35 ε 



Validation of the Go model for stretching 

@ T=0.3ε/kB 

linkage dependence 

R2= 0.89 

Model  6-12,C,M3,E     uniform ε 

 ε/Å=110 pN 

ε=1.6 kcal/mol  

 ε/Å=71 pN 
ε=1.0 kcal/mol  

v=0.005 Å/τ ~ 500 000 nm/s 

extrapolation to 
experimental speeds 
& more points 

(previous) 

R2=0.83  U=0.28 Theil   

1tit 

1ubq 

1aoh 

  1emb 
(117-182) 

1g1k 

constant speed pulling 



info.ifpan.edu.pl/BSDB/ 

Pulling by the termini 



1c4p (14) & 1qqr (15): 

β domain of streptokinase 

(blood clotting - different functions) 

Scaffoldins: structural proteins of the 
cellulosome (degradation of cellulose):  

1aoh (c7A) from Clostridium thermocellum 

1g1k (c1C) from  Clostridium celluloticum 

480 pN 

425 pN 

Valbuena … Carrion-Vazquez, 2009 

470 

350  

The predominant source of strength in short proteins 
shearing of hydrogen-bonded parallel β-strands  

(36) 

(78) 

predicted measured 

(14) 



disulphide bridges  

unusual entanglements 
CYSTINE SLIPKNOTS 

cystine knot (usually 8 aa) 

slipknot 

native slipknot 

Slipknot resulting from pulling 

1vpf -vascular 
endothelial 
growth factor 

#13   5.3 ε/Å  ~  580 pN 

extracellular region  

1100 pN in 1bmp (#1) 

Bone morphogenetic protein-7 

Function: growth factor activity 

Cellular component: protein binding 

From Genetic Ontology 



DIMERS OF THE LARGEST MECHANOSTABILITY 

(TGF) (VEGF) 

1500 pN 

shear cystine plug cystine slipknot 

1TFG:  human transforming growth factor β2 
2GH0:  neurotrophic growth factor artemin 

reversible 

work 83ε ~ 1 fJ 

work 2750ε ~ 300 fJ 
i.e. 18 MJ per mole 

ubiquitin 



Nanoindentation of virus capsids 

~ 5 000 viruses described in detail.           
1898 (Beijerinck):  
tobacco mosaic virus with a helical capsid 

cowpea (black-eyed pea) chlorotic mottle virus 

TMV 

Domesticated in West Africa 5000 years ago 

Quasi-spherical CCMV – studied mechanically the most  



Viruses that contain RNA: POLIO 

outer radius 16.2 nm 
inner radius    9.9 nm 
240 proteins  
51060 amino acids in known structure positions 

receptor 

Family: 
picornaviridae 
Genus: 
enterovirus 

picornavirus:  small RNA virus 

1asj.pdb 

http://viperdb.scripps.edu/ 



endocytosis 

A virus:  
a piece of bad news wrapped in protein 

Peter Medawar (1915-1987), Nobel 
1960, immunology, organ transpants 

60 icosahedral units 
each contains 4 proteins 

 in the cytoplasm 

self-assembly 
around the RNA 



VIPERdb 

Coordinates of atoms as obtained through crystallographic studies 



  

  

    

 

Figure from A. Šiber 2003 

Triangulated network model of a sphere 

Pentavalent & 
hexavalent elements 

Tck=h
2 + k2 +hk 

k=2: two hexagons to walk from one 
pentagon to another along the shortest path 

h=1: one step away from the straight line (skew) 

Poligonalisation of a sphere 

Here Tck = 7 

T number 



  

  

    

 
CCMV 

Caspar & Klug 1962: 
Quasispherical viruses governed 
by the triangulation number Tck 

Nsubunit = 60 Tck 

12 pentamers (accounting for 60 subunits) and 10 (Tck-1) hexamers 
proteins 

5 proteins 

Tck 

Nobel in chemistry 1982 



empty full (4 RNA) 

AFM 

CCMV  

indent 

reverse 

NANOINDENTATION OF CCMV 

From X-rays 

18 nm 22 nm 

Michel, Ivanovska, Gibbons, Klug, 
Knobler, Wuite, Schmidt, Bruinsma 
- 2006 

empty, pH 5        Fmax                    k 
0.81 ±0.04 nN   0.20 ±0.02 N/m  
0.60 ±0.04 nN   0.15 ±0.01  N/m 

full 
empty 



CCMV 

CPMV 

a truncated 
icosahedron 
model 

a rhombic 
triacontahedron 
model 

cowpea mosaic virus 

Both ~ 300 000 heavy atoms 

cowpea chlorotic mottle virus 

33 480 Cα atoms, 90420 contacts 

28 620 Cα atoms, 62460 contacts 

180 sequentially identical chains that self assemble 

30 

20 

T3 

pT3 Different proteins 



Model of a nonuniform elastic shell:     Gibbons & Klug 2008 

Roughly  consistent with experimental behavior 
 
Hard to distinguish bonds within the proteins from bonds  between proteins.   
 
No thermal fluctuations 

Molecular model 
M.Cieplak, M.O. Robbins  
J. Chem. Phys. 132, 
 015101 (2010) 

Investigate differences between the 
molecular and continuum approaches 



284 Å 214 Å 

189 Å 164 Å 

284 Å 

264 Å 

239 Å 

214 Å 

Top 2150 
Cα atoms 

s – separation between the plates 

s 
Coarse-grained 
structure-based model 

Compression by 2 plates, combined speed ~ 
500 μm/s. Slow enough that  stress can be 
transmitted across the capsid before the 
separation has changed substantially 

some clockwise rotation 

minutes needed to recover Experiment: v between 0.1 and 10 mm/s 

Model: 50 mm/s 



284 Å 214 Å 

189 Å 164 Å 

284 Å 

264 Å 

239 Å 

214 Å 

k ~ 0.05 ε/Å2 ~ 0.055 N/m 

Fm ~ 5.5 ε/Å ~ 600 pN 

various 
trajectories 

Experimental: 0.15 N/m & 600 pN 

LJ radius in the potential ~ size of an amino acid (not atom) :  softer 

ACTIVATED 
TRANSITION 

Breaking of a few 
bonds leads to 
stress transfer 
and a cascade of 
additional bonds 

At smaller speeds, 
more time for 
thermal activation 
and transition at 
lower forces 

compression 

withdrawal 

fast 

slow 

5-fold axis 



[001] [111] 

Selection of the 
squeezing direction 



temperatures 

radii of curvature 

trajectories 

trajectories 

no heat 
bath 

c: fraction of 
contacts present 

curved curved 

temperatures 

Colloidal probe AFM setup 

Frey, Weinkamer 2007 



284 Å 214 Å 

284 Å 

264 Å 

214 Å 

~ 1700 pN 

CPMV    ~ 7.4 neighbors CCMV    ~ 6.4 neighbors 
(fcc lattice    ~ 12 neighbors) including along the backbone 

A rapid rupture 
of ~1/2 of the 
contacts, nearly 
all of them 
between proteins 

CPMV: an order of magnitude bigger 
k & Fm 3 times as big despite 
comparable radius and shell thickness 

flat 



Viruses studied experimentally  

ranking is preserved 

HK97: Roos, Gertsman, May, Brooks III, Johnson, Wuite 2011 
HBV: Roos, Gibbons, Arkhipov, Uetrecht, …, Klug, Wuite 2010 
MVM: Carrasco, Carreira, Schaap, Serena, Gomez-Herrero, Mateu,  de Pablo 2006 
NV: Baclayon, Shoemaker, Utrecht, Crawford, …, Wuite, Roos 2012 

Non-spherical -HIV: Kol, Shi, Tsvitov, Barlam, Shneck, Kay, Rousso 2007 

stiffness  

force  

curved 



132 Å 

109 Å 73 Å 

35 VIRUS CAPSIDS 
Considerable scatter in the values of Fc and k 

123 420 
32.3 Å 

135 780 
43.6 Å 

NBV – Nudaurelia β-virus – infects pine emperor moths 
Ethiopia 

117 600 
23.2 Å 

8 460 
13.3 Å 

SPMV –satellite panicum mosaic virus, HRV – human rhinovirus 16, SV40 –simian virus 40 

25 260 
36.2 Å 



34 icosahedral capsids  8 T3 
12 pT3 
10 T1 
 2 T4 
 1 T7l, 1 T2 

 against average coordination number 

Separate trends for 
each kind of symmetry 

Hard to induce failure in pT3 

force  

stiffness  



Gibbson, Klug 

Young modulus 

k=E h2/R  

h – thickness 
R – average radius 

h/R > 0.24 

E=0.05 (<z>-6)2 

Parabolic dependence on <z> observed for capsids with thin shells 



Radial strain different than for a continuum shell 

central 

polar 

bows out 5% 

inner 

outer 
15% increase in the radius 

Mean rotation ~ 4o 

A nearly constant and small 
expansion in the center and a rapid 
change in the slope for |h|> 60 Å 

Some symmetry breaking 
due to buckling on one side 

Gibbons, Klug 2008 

Z -compression 

bows in 

CCMV 



h 

3 pentamers (12) 

3 hexamers (20) 

3 pentamers 

3 hexamers 

no up-down symmetry 

MOLECULAR 

Central region shifted due to  compression [slope ~0.93] but not deformed 

Vertical position of atoms belonging to particular n-mers 
at separation  s  versus native 

shift 

deformation 



inside 

outside 

Outer n-mers pushed inwards and  atoms 
displaced across the entire thickness. 
A rapid change in the surface normal 

h
(s

) 
 [

Å
] 

MOLECULAR 

SHELL Not like an elastic shell 

all n-mers 

Select points on the inside 
or outside of the shell 

In the shell model equator 
points move only horizontally,  
molecularly – vertically 

smaller vertical scatter 

inside 



Cα-based description of proteins and capsids. 

Elastic region followed by an irreversible 
activation transition to the sandwich 
state – related to rupturing nearly all of 
the bonds between capsid proteins  

Force of resistance qualitatively consistent with continuum 
model. However, the strain field is different and depends 
on the specifics of the molecular structure 

Nanoindentation by a tip modeled as compression 
between flat or curved parallel plates.  

Thin capsidic shells: Young modulus depends 
on the average coordination number 


