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haemophilus influenzae ferric-binding protein
(1D9V – unbound; 1MRP – bound)

10 ns long NPT ensemble runs 

The coordinate sets at 2 ps intervals  
Averages are taken over the 

T = 5000 recorded snapshots

Ikeguchi et al., Phys Rev Lett 94 078102 (2005)











Labelled 
residue, i

linear response theory

uses cross correlations as a kernel

Direction of 
perturbation

to calculate the response
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mode dominant behavior

CA & ARA, PLOS Comp Biol, to appear 2009



The sum is zero



how does it propagate?



chemotactic bacteria rely on 
local concentration gradients 

to guide them towards the 
source of a nutrient

for short distances, forces 
in granular systems propagate
much like waves, but at longer
distances an applied force  causes
an  elastic-like deformation

Goldenberg and Goldhirsch, Nature 435, 188 (2005) Vergassola et al., Nature 445, 406 (2007)



http://www.eng.buffalo.edu/~kofke/applets/rdfSW.html



This architecture is capable of organizing short 

average path lengths between any two nodes 
in a structure, but it cannot warrant a high 

clustering similar to regular packing
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Adjacency and connectivity



Contact distribution

surface-molten solids – Zhou et al., JMB, 285, 1371 (1999)

random packing of hard spheres – Soyer et al., PRL, 85, 3532, (2000)
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the interiors of proteins are more like randomly packed spheres near 
their percolation threshold and that larger proteins are packed more 

loosely than smaller proteins – Liang and Dill,  BJ, 81, 751, (2001)
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Localization theory

Slow and fast motions

X-ray crystallographic temperature factors

Localization theory





Average degree of the nearest neighbors 
exploration of the connectivity correlations
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Romualdo Pastor-Satorras, et al., PRL, 87, 258701 (2001)

the explicit dependence on k is a signature of nontrivial correlations among the 
nodes’ connectivity, and the possible presence of a hierarchical 

structure in the network topology
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The probability that two vertices with a 
common neighbor are also connected to

each other is called the clustering coefficient 
of the common vertex
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The characteristic path length is defined as the number of edges in

the shortest path between two vertices, averaged over all pairs of vertices

6i) N=140-160
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One would expect an indirect correlation between the fluctuations and shortest path 
lengths: The former are smaller for highly connected residues, which are in turn 
connected to the rest of the molecule, on average, in a shorter number of steps
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o

o

pw

evaluate the neighboring 

edges to select one with 

probability proportional to 

their weights 

θθθθ

o

pθθθθ
evaluate the neighboring edges 

to select one with probability 

f() := sum of weights ���� weak path length

f() := max (weigths) ���� strong path length

Lij := number of steps (argmin k (f(pathij))k )

to select one with probability 

proportional to cos θθθθ
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shortest/weak path

Conserved residues regulating allostery identified

We study the paths between the active site 

residue LYS296 (yellow) and TYR136 that 
participates in one of the regions that 

undergoes a structural change upon light 
activation in rhodopsin (green)

GPCR family representative  (Rhodopsin – 1l9h)

Lockless, SW and R Ranganathan, Science 286, 295 (1999)

strong path

MET 257

known to participate in constitutive 
activity of the molecule, possibly through 

interactions with the conserved motif 
involving residues 302-306 on helix 7. 

It is bypassed in the weak path, but 

detected by the strong path.



Key interactions on binding surface identified

1axdAB

Frequently used pairs in 
the interface among all 
possible pathways
between two proteins
(44100) locate the hot 
spots

Keskin O, B Ma, R Nussinov,
J Mol Biol 345, 1281 (2005).

Strong paths

A64-B97 (33.5 %)
A97-B64 (37.8 %)

Hot regions

(structural alignment 
and conservation)

A64-B96
A96-B64

Lee J et al., Science 322, 438 (2008)



ARA & CA, Biophys J, 2009



∆Rj(t2)

∆Rj(t3)

10 to 15 ns long MD trajectories are produced,
spanning the temperature range 160 – 300 K with 10 K increments.
In addition, 100 ns long trajectories are calculated for systems at 160, 180 and 300 K.

∆Rj(t1) The simulated protein-water complex is comprised of 2271 TIP3P water
molecules soaking a single hen egg white lysozyme molecule, a 129 residue
protein. Eight chlorine ions are added for charge neutrality. The system has a
total of 10281 atoms, prepared using the VMD 1.8.6 program with solvate
plug-in version 1.2. Electrostatic interactions are calculated via a partial mesh
Ewald method. The system is first subjected to energy minimization until the
gradient tolerance is less than 10-2 kcal/mol/Å with the conjugate gradients
method. The resulting system with the orthorhombic periodic cell of starting
dimensions 48 × 45 × 54 Å is used as the initial structure in all MD simulations.
All runs are made in the NPT ensemble at 1 atm with the NAMD software.
Volumetric fluctuations are preset to be isotropic. Verlet algorithm is used for
integrating the equations of motion with a time-step of 2 fs .
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The heat capacity calculated from the whole
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trajectory (i.e., 9600 ps), as well as the trajectory

partitioned into lengths of 200 (48 sets), 400 (24

sets) and 1600 ps (6 sets). We find that at and

above 200 K, the value of the heat capacity is the

same for all trajectory lengths within the error

bounds (as shown by the shaded area).

Conversely, at lower temperatures, it depends

strongly on the length of the trajectory used in

the calculation, with larger fluctuations in longer

trajectories, implying that the average energy is

not independent of the length of observations.
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we show that a slower, nanosecond, 

time scale motion in the protein 
imposes bounds on the distribution of 
the plethora of fast, local processes 
averaging on the picosecond range



vicinal layer makes the protein more flexible

water

glycerol



vicinal layer slows down the relaxation



A simple scaling argument


