
  

Fig1. Free-energy landscapes  A)  the 
folded structure. B)  intrinsically 

disordered proteins 
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Introduction: Intrinsically disordered proteins (IDPs), proteins that do not have a stable three-
dimensional structure, make up a significant portion of our proteome. Intrinsically disordered 
proteins and regions (IDRs) are important in many biological functions such as signaling and 
regulation and are associated with a large number of neurodegenerative diseases such as 
Alzheimer's, Parkinson's, Huntington's, cardiovascular disease and many cancers. Although the 
importance of these proteins has been known for nearly two decades, there is a lack of high-
resolution experimental data on this group of biological macromolecules still, and the mechanism of 
these proteins remains largely unexplored. In the study of intrinsically disordered proteins and 
regions, obtaining data at the atomic level is of great importance that molecular dynamics 
simulation provides this potential.
Methods: The Replica Exchange Molecular Dynamics (REMD) method effectively reduces the free 
energy barrier by increasing the probability of sampling conformations with higher free energy and 
temperature and thus allowing for more efficient conformational sampling during simulation in 
parallel, at the range of temperatures.
Results and discussion: Due to the high structural dynamics of IDPs and IDRs, they can interact with 
several biological targets with high specificity and low efficiency. Conformational changes of these 
proteins play an important role in pathogenesis. REMD simulations showed the effect of some 
factors such as ligand binding and interaction with osmolytes on the folding or unfolding of some of 
these proteins. Simulations also demonstrated the flexibility and polymorphism of the interactions 
of some IDPs with protein substrates. This conformational heterogeneity plays a critical role in the 
function of these fuzzy complexes. Also, using studies performed by this method, the effect of post-
translational modifications on the conformational ensemble of IDPs was detected.
Conclusion: Studying IDPs using REMD provide data on the conformational changes of these 
proteins at various conditions such as binding to different ligands or protein substrates as well as 
interaction with osmolytes. This information can potentially provide insights to the design of drugs 
that control the conformation of these proteins in pathogenic conditions.

Characteristics of Intrinsically
                            disordered proteins (IDPs)                            

IDPs and IDRs are /have ...

● Without a stable/well-defined 3-D structure

● A range of conformations

● Various vital functional role

● The comparatively  flat free-energy landscapes

● Some IDPs: SrtA, sHSP, α-synuclein ,amyloid β, tau 
protein, and human Amylin , ...

Importance of IDPs & IDRs 

●  They exist in all four kingdoms.
● They have important roles in signaling and regulation.

(The majority of eukaryotic transcription factors)
● They make up a significant proportion of our proteome.
● They have a major role in human disease

Neurodegenerative diseases 

Cardiovascular diseases
Many cancers

How we can study IDPs & IDRs?

✔Experimental method:

● Circular dichroism (CD)
● Nuclear magnetic resonance (NMR)
● Small-angle X-ray scattering (SAXS)
● Fluorescence resonance energy transfer (FRET)
● kinetic experiment

✔Computational method:
● Experimental structural 

ensembles based method 
(TraDES, flexible-meccano, 
ASTEROIDS, ENSEMBLE ,...)

● Monte Carlo and Molecular 
Dynamics based method               
 (cMD, tREMD, hREMD, umbrella 
sampling MD, MSES ) 

Replica Exchange Molecular Dynamics (REMD)
 types and properties 

 A glimpse on some REMD simulations 
of many important IDPs and IDRs

references

As a  summary
 and conclusion ...

● Based on independent parallel MC random walks  
(adapted to MD)          

●  Based on metropolis rule:  

● Exchanges between replicas with various temperature  
(tREMD) or various Hamiltonian (hREMD)

P(acc) = min(1, exp(δβδE))

β = 1/kB T  
E = potential energy
P(acc) = acceptance probability 

Disorder-to-Order Transition of  
β6/β7 loop  SrtA  by calcium binding

Fig 4. Free-energy surfaces, from distributions of PC1 
and PC2 on conformational ensembles apo SrtA. 
chains A and C in the x-ray structure of apo SrtA (PDB: 
1T2P); 25 models in the NMR structure of SrtACa (PDB: 
1IJA); and 20 models in the NMR structure of 
SrtAPep/Ca(PDB: 2KID).

Fig 2. Multiple copies (replicas) simulate in parallel at different 
temperatures. Crossing free-energy barriers is facilitated at a higher 
temperature and many different conformations are explored. 

Fig 5. (A) SrtACa . (B) SrtAPep.(C) SrtAPep/Ca. 

● Broader conformational space for active-site loop in apo SrtA & in 
SrtAPep  in  REST > cMD 

● In the cMD simulation the active-site loop = narrow free-energy 
basin

● In the REST simulation= broader free-energy basin 
● Ligand-induced disorder-to-order transition of the active-site loop = 

compaction of free-energy basins.
● Apo SrtA with REST : three different conformation
● Binding of SrtA to its ligands  (holo srtA) = falling into a single 

conformation

Abstract

Conformational ensembles of SrtA in 
three liganded forms

 REST showed the broader free-
energy basin in comparison 

with cMD 

Schematic of replica exchange  simulations

1. Xiaodong Pang and Huan-Xiang Zhou, Biophysical Journal, 2015, 109, 1706–1715.

2. Sunita Patel, Elizabeth Vierling, and Florence Tama, Biophysical Journal, 2014, 106, 2644–2655.

3.  Marieke Schor, Antonia S. J. S. Mey, Cait E. MacPhee, Biophys Rev, 2016, 8, 429–439.

4. Salma Jamal, Anchala Kumari, Aditi Singh, Sukriti Goyal and Abhinav Grover, Frontiers in Neuroscience,  2017, 11, 684.

5. Kota Kasahara, Hiroki Terazawa, Takuya Takahashi, Junichi Higo, Computational and Structural Biotechnology Journal, 2019, 
17, 712–720.

In higher temperature, Ps18.1 is more than Ta16.9 in the open 
state   

Fig 8. Equilibrium constant (Kop) as a function of overlapping time segments from 15 ns 
for Ta16.9 and Ps18.1.

NTA exposes its hydrophobic residues in the open conformation

Fig9. Residues in the variable region, residues in helix a2. Residues with black dots have a 
larger rhSASA in the open conformation. Conformations  are at 319 K for Ta16.9 and Ps18.1

More Rg and  distance between  NTA_A & B  at higher 
temperature shows more open state for Ps18.1 

Fig 7. Distance distributions for NTA_A and B and Radius of gyration (Rg) of the 
Ta16.9 and Ps18.1 dimers at 300, 315 and 319 K (15-42 ns).

Substrate recognition by small Heat 
Shock Proteins (Ps18.1 & Ta16.9)

How does the replica exchange method work?

● Standard REMD: tREMD

● Hamiltonian REMD: hREMD

● RE with solute tempering: REST 

●  REST2

✔ T high → overcomes free-energy barriers and fast sampling of 
conformational space

✗ Defect: Poor scaling in the large system size (replicas:  O (f 1/2 )) 

✔  Facilitates backbone structural transitions by scaling the strength of 
hydrogen bonds or hydrophobic interactions.

✔ Makes weaken some of the interactions (responsible for increasing  
degrees of freedom  & ruggedness of energy landscape) → faster scaling 

✔ Divides the system into a cold, hot part. Exchanges probability of 
two replicas only by the energy of protein → decreases the 
number of needful replicas

✗ Defect: Lack of good performance for large systems involving 
sizable conformational changes

improvement

improvement

Osmolytes change conformation by decreasing 
hydrogen bonds and dehydration (α-synuclein)

The dehydration of synuclein 
with urea forms a more 

extended conformation in 
comparison with TMAO 

Fig 11. Urea and  TMAO within the 5 Å of the 
Synuclein peptide surface in water.

Synuclein adopts various conformations

Fig 10. RMSD of synuclein in various system for the 
replica at 300 K temperature .

More population of synuclein 
in urea are extended

Fig 12. Population densities of 
Synuclein peptide conformations based 
on Rg and Ree in water, urea and TMAO

 The decreased  number of intramolecular 
hydrogen bonds in case of urea indicates 

extended states for the  peptide. 

Fig 13. Probabilities of forming intramolecular hydrogen 
bonds (C=O to N-H) in case of all the three systems.

➢The random and unfolded structures of IDP (essential for their functions) can promote the aggregated 
protein conformations that leading to various diseases.

➢ cMD simulations have a crucial rule in our current understanding of the dynamical structural ensembles 
Of  IDPs and IDRs, but the extremely high conformational diversity of IDRs resulting in a high 
computational cost.

➢In cMD, sometimes, the molecular system traps in minor basins of the free-energy landscape and can’t 
overcome energy barriers  to be able to globally explore the conformational space.

➢tREMD lowers the free-energy barrier by enhancing the probability of sampling high-energy 
configurations at elevated temperatures and scales a more extensive conformational space in 
comparison with cMD, but it may have a poor scaling with the increased number of replicas in the large 
system size.

➢REST simulations showed a more efficient sampling with a decreased number of replicas in comparison 
with cMD and tREMD.

➢The pattern of hydration and distribution of water around of IDPs surface led to the stabilized compact 
or extended peptide conformations.

➢Simulation of IDRs revealed that breakage and formation of intramolecular hydrogen bonds and salt 
bridges have a remarkable role in the formation of different conformational ensembles of IDPs.

➢ Electrostatic and hydrophobic interactions resulting in variations in the conformations of different 
regions of IDPs.

➢ IDPs are rich in charge residues and tend to be deficient in the hydrophobic residues that are necessary 
for folding.

● Parkinson’s disease
● Diffuse Lewy body
● Huntington’s disease
● Alzheimer’s disease

f =degrees of freedom
O = order

SrtA
Pep = sorting signal-bound SrtA

improvement

Divides the system into a cold, hot and a middle part .For the 
hot part electrostatic, Lennard–Jones and proper dihedral terms 
scales and three parts keeps in different temperature.

Amino acid sequence similarity of
Ta16.9 and Ps18.1

Fig 6. underlined in 
magenta were tested for 
cross-linking to substrate 
Residues that showed a 
higher average rhSASA. 
Residues of the NTA 
variable region are boxed 

● Hydrophobic residues  and exposed 
hydrophobic surface of NTA in 
Ps18.1> Ta16.9

● The large number of hydrophobic 
residues in NTA of sHSPs = greater 
possibility for hydrophobic 
interactions = essential for sHSP 
capture and protection of 
denaturing substrates.

Amyloid forming segment from α-synuclein 
(residues 72–78)

λ = Constant 
temperature ratio to 
the solute temperature 
Upp = protein energy
Upw = protein-solvent
 interaction energy 
Uww = solvent energy
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