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Immunoglobulin Domains




AFM Studies of
Titin And FN-III Modules
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Contracting and Relaxing Muscle
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Titin the Longest Protein in the Human Genome
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External Force
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Quantitative Comparison

Bridging the gap between SMD and AFM experiments
Steered Molecular Dynamics (SMD)
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Stretching modular proteins — Detailed View
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. Two types of
Two Force Bearing Components| swp amuiations
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Water-Backbone Interactlons Control Unfolding
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Sequence aligment of [g modules from the proximal Ig region
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Sequence aligment of Ig modules from the distal Ig region
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Titin Domain Heterogenity: 1,  titin 1,

Comparing Oxidized and
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Fibronectins



Architecture and Function of
Fibronectin Modules

Extracellular matrix Fibronectin [J FN-I (Q FN-II @ FN-III

T

10 um

e Fibronectin is a major component of
extracellular matrix

e [t consists of three types of
modules: type I, type II, and type III

* Highly extensible
Andre Krammer V. Vogel, U. Wash.



Fibronectin Matrix 1n
Living Cell Culture
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Atomic force microscopy
100 um observations

Ohashi et al. Proc. Natl. Acad. Sci USA 96:2153-2158 (1999) Andre Krammer V Voge] U. Wash
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Krammer et al.
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Probing Unfolding
Intermediates in FN-111,,

FnllI,, module solvated in a water box
55x60x367 A3 (126,000 atoms)

Steered Molecular Dynamics, periodic
boundary conditions, NpT ensemble,
Particle Mesh Edwald for full electrostatics
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Probing Unfolding
Intermediates in FN-III

Equilibrated Structure @
n
e

f 2 :

5™ ﬂ

Randcl.mlyI r_.o!!ed p B rmnd -

termini straighten - % Aap

Twisted State J_ s
prd’ - Lew® ﬁ . A

Watery,
) e
Breaking of B 2
NQEHASDZ] d Aag
Backbone H-Bonds Fﬁru“tj
ot ﬂ A-strand Argf
Pro -Leu®
Aligning of
») 4 fl-strands
Aligned State LN

300

(&) =

N
o
o

;
100 -

A-Sfrand B-Strand

070z 03 04 05 08 e
0 = e ? . 100A Intermediate
0.0 1.0 2.0 3.0 N\ Jﬂ»
time (ns) e B0 s o ssee B
Specific stretching and unfolding pathway for Complete stretchin.g and }lnfolding .
constant force (500 pN) stretching: scenario with A pathway: after straightening and partial A-

rupturing first B separation, A, , or A+G or G rupture first



M. Gao, D. Craig, O. Lequin, I. D. Campbell, V. Vogel, and
. . K. Schulten. Structure and functional significance of
Stretching FN-III,: Pronounced Intermediate mechanicaiy unfolded fibronectin type it
1 intermediates. Proc. Natl. Acad. Sci. USA,
100:14784-14789, 2003.
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Adhesion Proteins of the Immune System



he Immune System

omains

Strengthemi
CD2 and CDS8

0.05 A/ ps
slow

=4

Structure known from
Membrane X-ray crystallography

Based on Crystal Structure:
Wang et al. (1999) Cell, 97, 791
* 90,000 atoms
* NAMD simulation on Linux cluster
120 ps so far
« 1-0.05 A/ ps pulling velocity
Marcos Bayas, D. Leckband, K. Schulten, submitted




Separation at 0.05 A /ns Pulling :

salt bridges important (Aralunandam et al
1993, 1994) for adhesion are broken last
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Marcos Bayas, D. Leckband, K. Schulten, Biophys. J. 84:2223-2233, 2003



Behavior of Non-Mechanical Proteins



Force-induced Unfolding of Other Domains
C2 domain of synaptotagmin | (all sheet protein)
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extension (A)
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* no initial force peak
- much less resistance to external forces than Ig and Fnlll

« during unfolding hydrogen bonds not required to be broken in clusters

NIH Resource for Macromolecular Modeling and Bioinformatics
Theoretical Biophysics Group, Beckman Institute, UIUC

Lu and Schulten, Proteins, 35, 453-463 (1999)



Classification of f Sandwich Domains

Class | a: Class | b: Class | c:
strong resistance less resistance little resistance

N .C

c

. NIH Resource for Macromolecular Modeling and Bioinformatics
Lu and SCh ulten , Proteins ) 35 , 453-463 ( 1 999) Theoretical Biophysics Group, Beckman Institute, UIUC




Force-induced unfolding of alpha-helical protein

Cytochrome C6 (all helix protein)
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* no initial force peak
- much less resistance to external forces than Ig and Fnlll
« during unfolding hydrogen bonds not required to be broken in clusters

Lu an d SCh u Ite n P rote | ns 35 453-463 ( 1 999) NIH Resource for Macromolecular Modeling and Bioinformatics
’ ’ ’ Theoretical Biophysics Group, Beckman Institute, UIUC



Ubiquitin

Fatemeh Araghi, Timothy Isgro, Marcos Sotomayor



Monoubiquitylation versus multi-ubiquitylation

O / 9'.0

Substrate )

O K29-linked == Proteolysis?
Suhstrate . ®
Substrate >

\ I(4E-Iinked ==p» Proteolysis

Multifaceted. Ubiquitin can attach to its various substrate proteins, either
singly or in chains, and that in turn might determine what effect the ubiquitina-
tion has. (K29, K48, and K63 refer to the particular lysine amino acid used to
link the ubiquitins to each other.)



Structure-Function Relationship

Proteasome Degradation
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e SMD simulation, with constant velocity
 Box of water 70x240x70 A ~81K atoms

* smd velocity 0.4 A/ps
e smd spring constant 7 kcal/mol AA2



Ubiquitin Unfolding I
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Ubiquitin Untolding I1
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Pulling Dimer

e SMD (v=0.4 A/ps k=7 kcal/mol AA2)

constant P
* Two monomers separate.




