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Functional Protein Dynamics 

Proteins are dynamic and achieve its biological function through a wide 
range of motions. 
 



Eppur	  Si	  Muove!	  
The	  Nobel	  Prize	  in	  Chemistry	  2013	  

The Nobel Prize in Chemistry 2013 was awarded jointly to Martin 
Karplus, Michael Levitt and Arieh Warshel "for the development of 
multiscale models for complex chemical systems". 



Functional Protein Dynamics 

Catalysis 
 
Regulatory activity (signal transduction) 
 
Molecular transport 
 
Formation of protein assemblies 
 
Cellular locomotion 
 
Disorder-to-order transition 



Functional Protein Dynamics 

Catalysis 

The influence of protein motions on the 
chemical step 
 
Reaction coordinate compression 
Functional vibrational modes 

The Journal of Chemical Physics 144, 180901 (2016) 



Functional Protein Dynamics 

Catalysis 

The classic Michaelis-Menten equation 

Acc. Chem. Res. 2005, 38, 923-931 



Functional Protein Dynamics 

Molecular transport (gated motions) 



Functional Protein Dynamics 

Formation of protein assemblies 

G protein 
activation 



Functional Protein Dynamics 

Disorder-to-order transition (binding of IDP leads to its 
compaction) 



Molecular motors are proteins capable of unidirectional rotation motion 
powered by external energy input.  
 
Molecular pumps are proteins that can transport ions and various small 
molecules against their concentration gradients. 
 
Molecular switches are proteins that can be reversibly shifted between 
two or more stable states.  
 
Molecular shuttles are proteins capable of shuttling molecules or ions 
from one location to another. 

Protein Nanomachines 



Molecular motors are proteins capable of unidirectional rotation motion 
powered by external energy input.  

Protein Nanomachines 

Cell, 2005, 195-205 



Molecular pumps are proteins that can transport ions and various small 
molecules against their concentration gradients. 

Protein Nanomachines 



Molecular switches are proteins that can be reversibly shifted between 
two or more stable states. The molecules may be shifted between the 
states in response to changes in e.g. pH, light, temperature, an electric 
current, microenvironment, or the presence of a ligand. 

Protein Nanomachines 



Molecular switches are proteins that can be reversibly shifted between 
two or more stable states. The molecules may be shifted between the 
states in response to changes in e.g. pH, light, temperature, an electric 
current, microenvironment, or the presence of a ligand. 

Protein Nanomachines 

G protein 
activation 



Molecular shuttles are proteins capable of shuttling molecules or ions 
from one location to another. Myosin, which is responsible for muscle 
contraction, kinesin, which moves cargo inside cells away from the 
nucleus along microtubules, and dynein, which produces the axonemal 
beating of motile cilia and flagella.  

Protein Nanomachines 



is most directly concerned with the 
transitions between these states, 
and can be described by the depths 
of energy wells and the heights of 
energy barriers, respectively. 

Theoretical Frameworks 



Master equation 
 
Langevin equation 
 
Chemical equation 
 
 

Theoretical Frameworks 



Time Scales of Protein Motions 



Type of Motion Functionality Examples Time Amplitude 
Scales 

Local Motions 
  Atomic Fluctuation 
  Side Chain Motion 

Ligand docking flexibility 
Temporal diffusion pathways 

Femtoseconds (fs) to picoseconds (ps)  
10-15-- 10-12s  

<1Å 
 

Medium-scale Motions 
  Loop Motion 
  Terminal-arm Motion 
  Rigid-body Motion 

Active site conformation 
adaptation. 
 
Binding Specificity 

Nanoseconds (ns) to microseconds (µs)  
10-9 - 10-6 s 

1Å - 5Å 

Large-scale Motions 
  Domain Motion 
  Subunit Motion 

Hinge-bending motion 
Allosteric transitions 

Microseconds (µs) to milliseconds (ms)  
10-6 - 10-3 s 

5Å - 10Å 

Global Motions 
  Helix-coil transition 
  Folding/unfolding 
  Subunit association 

Hormone Activation 
Protein functionality 

Milliseconds (ms) to hours  
10-3 - 104 s 

>10Å 

Type of Protein Motions 



Local Flexibility:  
atoms and residues 

Portions of protein structures often deviate from the equilibrium state. Some such 
excursions are harmonic, such as stochastic fluctuations of chemical bonds and 
bond angles. Others are anharmonic, such as sidechains that jump between 
separate discrete energy minima, or rotamers. 

PRL 107, 148102 (2011) 



Local Flexibility:  
atoms and residues 

NMR spectroscopy 
Flexibility in folded proteins can be identified by analyzing the spin relaxation of 
individual atoms in the protein.  
 
high-resolution electron density maps produced by X-ray 
crystallography, particularly when diffraction data is collected at room 
temperature instead of the traditional cryogenic temperature (typically near 100 
K). 
 
Dynamic neutron scattering 
 
 



Regional flexibility:  
intra-domain multi-residue coupling 

Many residues are in close spatial proximity in protein structures, coupled 
through various interactions such as hydrogen bonds, ionic bonds, and 
van der Waals forces. Transitions between states for such sets of residues 
therefore become correlated.  



Regional flexibility:  
intra-domain multi-residue coupling 

Many residues are in close spatial proximity in protein structures, coupled 
through various interactions such as hydrogen bonds, ionic bonds, and 
van der Waals forces. Transitions between states for such sets of residues 
therefore become correlated.  
surface-exposed loops, secondary structure 



Regional flexibility:  
intra-domain multi-residue coupling 

When these coupled residues form pathways linking functionally important 
parts of a protein, they may participate in allosteric signaling.  



Global flexibility:  
multiple domains 

The presence of multiple domains in proteins gives rise to a great deal of flexibility 
and mobility, leading to protein domain dynamics. 



Hinge Bending 

PROTEINS: 36:425 (1999) 

Phosphoglycerate kinase (PGK)  



Helical to Extended Conformation 

Phys. Chem. Chem. Phys., 2016,18, 30020 

calmodulin 



Shear Motions 

Nature Reviews Drug Discovery 2, 527-541 (2003) 
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(i) Framework model describes a step-wise mechanism to greatly narrow the 
conformational search. This involves a hierarchical assembly whereby local 
elements of secondary structure are formed according to the primary sequence, 
but independent from tertiary structure. These elements then diffuse until they 
collide, whereupon they coalesce to form the tertiary structure. 
(ii) Nucleation model suggests that tertiary structure forms as an immediate 
consequence of the formation of secondary structure. Nucleation occurs through 
the formation of native secondary structure by only a few residues (e.g. a beta-turn, 
or the first turn of an alpha-helix), and structure propagates out from this nucleus. 
(iii) Hydrophobic collapse model hypothesizes that the native protein 
conformation forms by rearrangement of a compact collapsed structure. 
Hydrophobic collapse to form a molten globule therefore constitutes an early step 
in the folding pathway. 
(iv) Nucleation-condensation model suggests that a diffuse folding nucleus is 
formed in (ii) and consolidated through the transition state, concomitant with tertiary 
structure formation. 
(i), (ii), and (iv) suggest the formation of kinetic intermediates, 
whereas (iii) does not. (A. R. Fersht. Curr. Opin. Struc. Biol., 1997, 7, 1, 3-9.) 

: 

Protein Folding 
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: 

Intrinsically Disordered Protein 
An intrinsically disordered protein (IDP) is a protein that lacks a fixed 
or ordered three-dimensional structure. Intrinsic disorder is particularly 
enriched in proteins implicated in cell signaling, transcription and 
chromatin remodeling functions. 

Flexible linkers, Linear motifs, Coupled folding and binding, Disorder in the 
bound state (fuzzy complexes) 



Obtaining Dynamic Information 

•  Experimental	  Approaches	  
–  X-‐ray	  Crystallography	  
–  Nuclear	  MagneBc	  Resonance	  
–  Neutron	  Spectroscopy	  
–  H/D	  exchange	  mass	  spectrometry	  
–  Single-‐Molecule	  Fluorescence	  Spectroscopy	  
	  

•  ComputaBonal	  Approaches	  
–  Molecular	  Dynamics	  
–  Normal	  Mode	  Analysis	  
–  ElasBc	  Network	  Model	  
–  Generalized	  Langevin	  EquaBon	  



X-ray Crystallography 

•  B-‐factors	  indicate	  the	  amount	  of	  
thermal	  fluctuaBon	  for	  a	  parBcular	  
residue.	  Is	  anisotropic	  but	  usually	  
only	  measurable	  as	  an	  isotropic	  
mean	  value.	  

•  MoBon	  extrapolated	  between	  
crystal	  structures	  of	  two	  different	  
conformaBonal	  states.	  

•  Weakness:	  ConformaBonal	  
changes	  are	  not	  necessary	  linear.	  

	  

Maltose Binding Protein  
Engulfing Ligand 



Nuclear Magnetic Resonance 

Solution NMR techniques cover the complete range of dynamic events in 
enzymes. 

Chem. Rev. 2006, 106, 3055-3079 



Nuclear Magnetic Resonance 
Fast Backbone and Side-Chain Motions 

Occur on the ps to ns timescale, usually involving measuring relaxation 
times such as T1 and T2 to determine order parameters, correlation 
times, and chemical exchange rates. 

where τm is the correlation time for the 
overall rotational diffusion of the 
macromolecule, S2 is the order 
parameter, and 1/τ ) 1/τm + 1/τe, where 
τe  is the time scale (ns) for the internal 
bond vector (e.g. N-H) motions. 

The spectral density function, J(ω), is directly related to the three 
relaxation rates, through the Lipari and Szabo model, 



Nuclear Magnetic Resonance 
Conformational Exchange 

Residual dipolar coupling (RDC) provides spatially and 
temporally averaged information about an angle 
between the external magnetic field and a bond vector 
in a molecule 

RDCs also provide rich geometrical information about 
dynamics on a slow (>10−9 s) in proteins. A motion 
tensor B can be computed from RDCs: 

The	  RDC-‐derived	  moBon	  parameters	  are	  local	  measurements.	  

The dipolar coupling between two nuclei depends on 
the distance between them, and the angle of bond 
relative to the external magnetic field. 



36 QENS / MD 

Neutron Scattering 



37 QENS / MD 

Dynamic Structure Factor 
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Quasi-elastic Neutron Scattering  
Simple Translational Diffusion 

In the energy space, we typically fit with Lorentzians. 
 

For simple translational diffusion, particles follow Fick’s Law: 

Γ is the half width at half maximum (HWHM) which is this case = DQ2, leading to 
a broadening of the elastic line following a given Q-dependence. 

Ds is diffusion coefficient 



39 QENS / MD 

Neutron Spin Echo 

Neutron Spin Echo (NSE) measures 
collective dynamics at the timescale 
of ns – 100 ns. It provides the 
intermediate scattering function, I(Q, 
t), directly. 



40 QENS / MD 

Neutrons are unique for probing protein H dynamics –  
both spatial and time resolution. 

Inelastic Neutron Scattering 



Hydrogen/Deuterium Exchange 
Mass Spectrometry 

Amide hydrogens exchange at rates that are characteristic of local backbone 
conformation and dynamics. In highly dynamic unstructured regions, the exchange 
reaction proceeds on the msec-sec timescale while amides that are hydrogen 
bonded will exchange more slowly (minutes to days).  



Single-Molecule Fluorescence 
Spectroscopy 

Förster resonance energy transfer 
(FRET), fluorescence resonance energy 
transfer (FRET), resonance energy transfer 
(RET) or electronic energy transfer (EET) is 
a mechanism describing energy transfer 
between two light-sensitive molecules 
(chromophores). 

In FRET, the efficiency of the absorption of 
the photon emitted from the first probe in the 
second probe depends on the distance 
between these probes. Since the distance 
changes with time, this experiment probes 
the internal dynamics of the molecule. 


