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• Regulations

• Signaling, Recognition

• Intrinsically disordered proteins (IDPs) • IDPs participates in diverse cellular processes 

(SPIN)

(Complex: MPO/SPIN)

NTD

• Specific tight bindings

• Dynamic bindings

[Part1]$ Introduction 

v Lack a fixed or ordered three-dimensional 
structures.

v Range from totally unstructured to partially 
structured.

v Rich in polar and charged residues.
v Large and functionally important class of 

proteins

doi.org/10.1016/j.jmb.2016.08.001



• Experiments

• MD simulations

• IDP high structural 
heterogeneity.

• IDP high dynamics.
• Timescales of IDP 

conformational 
fluctuations.

• Challenges

A unique opportunity for 
computational modeling!

Multi-scale MD simulations

Integration
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X-ray, NMR
Cryo-EM
SAXS,SANS,
EPR,FRET

• Advanced 
sampling 
methods

• Optimized force 
fields

• Thermodynamics
• Kinetics
• Mechanisms
• …

[Part1]$ Significance & Innovation

DOI: 10.1126/science.aat4010
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v Although several treatments 
are still available, MRSA has 
become resistant to many 
first-line antibiotics.

v While MRSA infections 
overall are dropping, 
progress to prevent MRSA 
bloodstream infections in 
healthcare is slowing. 

https://www.cdc.gov/drugresistance/pdf/threats-report/2019-ar-threats-report-508.pdf



• Specific Binding (SPIN/MPO)

SPIN 
(Unbound State, NMR)

SPIN 
(Co-crystal structure, X-ray)

SPIN/MPO
Co-crystal

Enzyme: Myeloperoxidase (MPO)

Active site,
HEME containing

Coupled binding and folding
MPO

Disordered NTD in unbound state
β-hairpin structured NTD in 
SPIN/MPO co-crystal

EXPM
MD

[Subaim1a]$ IDP Specific Tight Interactions: SPIN-NTD/MPO
• SPIN (Staphylococcal Peroxidase Inhibitor) 

• ⍺-helical bundle
• Intrinsic disordered N-terminal

doi/10.1074/jbc.RA117.000134 doi/10.1073/pnas.1707032114 



• Binding Determinator: ⍺-helical bundle

• Inhibitory Functional Domain: NTD
• SPIN’s binding to MPO is 

controlled by ⍺-helix bundle 
totally.

• SPIN’s inhibition to MPO is 
functioned by NTD only.

• Mutations on SPIN-NTD will 
lead to significant weaker 
inhibitory ability on SPIN.

• Inhibition discrepancies in SPIN homologs
• High Structural identity of S.aureus and S.delphini

• Similar binding affinity of S.aureus and S.delphini

• Weaker inhibition ability of S.delphini

A B

C
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[Subaim1a]$ SPIN Functional Regions (EXPM)

doi/10.1074/jbc.RA117.000134 doi.org/10.1016/j.abb.2018.03.007 



v Mystery:

v We want to have crucial 
synergistic interaction insights...

MD Simulations Can offer!
Atomistic model: High resolution.
CG model: Non-native and long-time 
scale details.

Two SPIN have identical structures 
but different inhibitory efficacies.
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[Subaim1a]$ Atomistic Simulations on SPIN/MPO

Results:
• S.delphini NTD unfolds faster 

than S.aureus. 
• S.delphini unbinds faster than 

S.aureus.
• S.delphini NTD is less stable.
• S.delphini NTD takes equal 

time to unbind and unfold. 

Setup:
• Temperature: 450 K.
• NPT ensemble, atomistic 

model. 40 replicas 
simultaneously and 
independently. 

• Dissociation simulations on SPIN/MPO (450 K)

Hypothesis:
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[Subaim1a]$ “pseudo”-Free Energy Landscape for SPIN/MPO

• Conformational selection: S.aureus (slightly) 

• Cooperative binding: S.delphini

Initial state: folded NTD Intermediate state

Final state

Initial state: folded NTD
Intermediate state

Final state



[Subaim1a]$ Atomistic Simulations on SPIN-NTD
• S.aureus NTD is more rigid and stable

S.aureus NTD

S.delphini NTD

Setup:
• Temperature: 300 K.
• NPT ensemble, atomistic 

model. (High accuracy)
• 20 replicas simultaneously 

and independently. 

𝑄!"#$%
&.%($)(0,-. =0.33 e-0.03*t + 0.59

𝑄!"#$%
&.<)=>?!"!,-; =0.41e-0.19*t + 0.47

T1/2 ≈ 22 (ns)

T1/2 ≈ 4 (ns)



[Subaim1a]$ SPIN/MPO Tight Specific Binding Investigations
Hypothesis:
• SPIN-NTD structured β-hairpin 

stability influences inhibitory 
efficacy.

• More stable SPIN-NTD is, more 
preference to have the 
conformational selection 
mechanism.

MD Results:
• S.aureus NTD is more 

stable.
• Binding mechanism:
a. S.delphini: 

cooperative binding.
b. S.aureus: slightly

conformational-
selection.

Experimental Results:
• S.aureus shares high 

structural identical
with S.delphini.

• Binding affinity has 
no influence on SPIN 
inhibitory.

• S.aureus shows 
highest inhibitory
ability to MPO.

Validation:
• Experiments: Mutants with pre-folded NTD 

stabilized by disulfide bonds.
• MD simulations:

(Coupled binding and folding simulations under 
physiological conditions.)
i. Atomistic models coupled with advanced 

sampling methods (i.e., REST, umbrella 
samplings…)

ii. CG models for quick binding and folding process 
kinetics calculation.

Blueprint:
• Effective therapeutic strategies targeting 

SPIN-NTD.
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Oxidative stress, mitochondrion and necrosis

https://www.diffen.com/difference/Apoptosis_vs_Necrosis

doi.org/10.1155/2013/942916 
https://www.cdc.gov/stroke/maps_data.htm

https://www.diffen.com/difference/Apoptosis_vs_Necrosis


• mPTP pore main regulator: Cyclophilin D• Cyclophilin D (CypD)

• p53  
(NTD: 1-70)

[Subaim1b]$ Regulative Interactions: p53/CypD

• FL-p53/CypD Cellular regulation (Full-length p53)

• p53/CypD triggering pore opening is Ca2+ independent.
• Interactions are dynamic without stable complex forming.

doi.org/10.1016/j.jmb.2016.08.001
doi/10.3389/fphys.2013.00076 



[Subaim1b]$ p53-NTD dominates p53/CypD interactions
• p53-NTD is the smallest binding 

region to CypD

• How NTD dominates p53/CypD binding?
We NEED a computational model!

• NTD-DBD has lower binding affinity



All-atom HyRes

• CypD in HyRes model

(Residues 1 to 40)

• p53-NTD HyRes simulations (1 µs)

[Subaim1b]$ HyRes Model Simulations on p53-NTD/CypD



T52

G65

S77
A101

s1 (side)

s2 (side)

s3 (side)

s4 (side)

s6 (front)

CypD s5 (back)
s5s4s6

***

• Simulation Trajectories

Time (ns)~1 ~5 ~10

• Initial simulation setup

[Subaim1b]$ CG MD Simulations on p53-NTD/CypD



• Experiments
1. Electrostatic driven.

(Figure A)

2. Broad binding 

interface found on 

CypD. (Figure B,C)

A

B

C

a

b

• Simulations
1. Electrostatic driven. (Fig.a)

2. Broad binding interface found on CypD (Fig.b)

3. Can capture dynamic interactions accurately. 

(CypD residues ~15)
4. Broader and dynamically binding on NTD.

Total contact sites: 14
Positive charged(9): 
Lys: 6; Arg: 2; His(H69): 1.
Non-polar (5): 
Phe: 3; Trp(W120): 1;  Ala: 1

[Subaim1b]$ Simulation & Experiment Preliminary Results

c



MD Simulations:
• MD simulation results are highly 

consistent with experimental
measurements.

• HyRes model is very powerful and can 
accurately describe IDP 2nd structural 
profiles and long-range intermolecular 
interactions.

• MD simulations can picture deeper 
insights and capture more comprehensive 
interaction dynamics.

Potential Problem:
• HyRes protein model is a little over-

compaction.

Future plan:
• Optimize HyRes protein model (subaim2b)
• NTD-DBD studies.
• Therapeutic target: CypD, to protect in models 

of diseases.

Fig. Radius of gyration results of NTD 
calculated in HyRes protein model in 
bound and unbound state.

[Subaim1b]$ p53-NTD/CypD Investigations
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Dengue cases, French Guiana, 
January 2019 to 15 February 2020.



• Function of NS2B/NS3 proteases • Structure of NS2B/NS3 proteases

• Dynamic of NS2B/NS3 proteases

doi.org/10.1016/j.jmgm.2014.06.008
doi.org/10.1016/j.antiviral.2008.08.004

doi.org/10.1038/ncomms13410

doi.org/10.1016/j.jmgm.2014.06.008

[Subaim1c]$ Flavivirus NS2B/NS3 proteases

76-87

76-87

dispensable

https://doi.org/10.1016/j.antiviral.2008.08.004


• ClyA nanopore tweezers tool for probing 
NS2B/NS3 proteases 

• Advanced multi-scale samplings to investigate 
NS2B/NS3 proteases

[Subaim1c]$ Flavivirus NS2B/NS3 Proposed Research Plan

doi.org/10.1101/727503

aB

Bound

Unbound

• Single Molecular
• High sensitivity
• …

• Molecular basis
• Binding insights
• …

b

A EXPM signals 
Assign current states
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All-Atom MDlimitationsAccessible 
Approaches:

v CV Free
v No need to un-bias

doi: 10.3389/fphar.2018.00923 
doi: 10.1021/acs.accounts.5b00536 
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• Atomistic Simulations limitation: 
Complex system is frequently trapped in local 

minima.

• Approaches: 
Realize random walking on energy surface.

Replica Exchange method (REM)

(Exchange neighbor replicas from condition m to n)
• Transition probability:

(Acceptance rate)

• Cons: Nrep∝O(f1/2) A = min {1, exp(-∆𝛃∆E)}
∆E ↑, Amin↓

Nrep↑

e.g., One hairpin protein system:  
molecule + water
4342 atoms -> 64 Reps 

[Subaim2a]$ Enhanced Sampling Methods for Atomistic Models

ΔGA->TS = 6 kcal/mol

1 µs simulation: only 10 ps may come to 
transition state.
We can merely capture it!
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https://doi.org/10.1016/S0009-2614(00)00999-4


• REST (Replica Exchange Solute Tempering)
a. REST 1:

Why efficient?

∆𝛃 REST1: ∆E

(EwwKept)

• REST1: Pros & Cons

• Pros: high efficiency, accuracy.

REM: N=22 REST1: N=3

i.e., System: Alanine Dipeptide + 512 water
Conditions: 300 K – 600 K

• Cons: Low exchange rate for complex 
system with big conformational changes.

i.e., β-hairpin system

REST1: N=18

REM: ∆E

[Subaim2a]$ Enhanced Sampling Method: REST1

doi.org/10.1021/jp068826w
doi�10.1073�pnas.0506346102 

https://doi.org/10.1021/jp068826w


a. REST 2:
b. REST 2:

• REST (Replica Exchange Solute Tempering)

Why efficient?

| 𝜷𝟎 ∗ 𝜷𝒎 Ep𝒘 | < | 𝜷𝟎F𝜷𝒎
𝟐

Ep𝒘 | (𝜷𝒎< 𝜷𝟎 )

∆mnEREST2 <  ∆mnEREST1

REST1:

REST2:

(REST1)
• REST1:

Initial ( Folding):
i. 𝛽𝑓𝐸>> + 𝛽𝑓𝐸>H + 𝛽𝑓𝐸HH

• REX:
ii. 𝛽𝑢𝐸>> + 𝛽𝑢𝐸>H + 𝛽𝑢𝐸HH

iii. 𝛽𝑢𝐸>> +
(-#F-$)

;
𝐸>H + 𝛽𝑓𝐸HH

• REST2:
𝛽𝑢𝐸>> + 𝛽𝑓𝛽𝑢𝐸>H + 𝛽𝑓𝐸HH

Final ( Unfolding):

v Eww is excluded from exchange.

v Epw is scaled down for higher 
acceptance rate.

[Subaim2a]$ Enhanced Sampling Method: REST2

doi.org/10.1021/jp204407d

https://doi.org/10.1021/jp204407d


• Much broader conformational 
space sampled by REST2 
protocol. 

• Arrow: initial state.
• Red: starting from unbound state.
• Black: starting from bound state.

[Subaim2a]$ REST2 Simulations on Bcl-xL

v PDB:
2M03: unbound
2M04: bound
v Green residues:
Bcl-xL-BH3 binding 
interface.
(unbound: helix)
(Bound: unfolded)

v Clusters:
(representative 
conformation 
ensembles)
Traj from REST2:
2M03 initiated:
1) 4) 7) 8)
2M04 initiated:
2) 3) 5) 6)

doi:10.1021/acs.jpcb.7b06768 



• Over down-scaled 
Protein-Water  
interactions.

• Unbalanced 
intra-/inter-
molecular 
interactions.

• p53-NTD in multiple atomistic models coupled with REST2 protocol

• Severe Compact 
under high T:

Temp
Rg

[Subaim2a]$ REST2 Incorrect IDP Ensembles Under High Temp

Temp



• Multiple IDPs tested with REST2 protocol in a99sb-disp force field
• Templates:
KIX (28 residues)

(AAQAA)3 (15 residues)

• REST2 limitations:

1. Insufficient 
conformational 
sampling between 
middle replicas.

2. Incorrect IDP over-
compact ensembles 
under high 
temperature.

(Top)

(Button)

[Subaim2a]$ REST2 Unbalanced Intra/Inter molecular interactions

Rg

Rg



• Strategy

𝛽𝑢𝐸TT + 𝛽𝑓′𝐸TU + 𝛽𝑓𝐸UU

Folding:

Unfolding:

𝛽𝑓𝐸TT + 𝛽′𝑓𝐸TU + 𝛽𝑓𝐸UU

• Step 1: Standard High Temperature MD 
simulations as guidance  

• Step 2: Rescale P-W interactions to find the 
balance via vdW term  

• Step 3: Set up replica exchange simulations with 
optimized REST3 p-p/p-w values.

[Subaim2a]$ Enhanced Sampling Method: REST3



v Exchange Rate?

v Sufficient conformational sampling?

v Appropriate for smaller and larger IDPs as well?

[Subaim2a]$ Potential Problems
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Neglect Non-native potentials

To Coarse Grain a system:
v Energy based
v Force matching
v Structure based

Most computational efficiency while maintaining 
adequate degree of details.

doi: 10.1063/1.4818908
doi: 10.1021/acs.chemrev.6b00163

Reduced representation of interaction sites per residue. 

https://doi.org/10.1063/1.4818908
http://pubs.acs.org/doi/abs/10.1021/acs.chemrev.6b00163
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• Foundations • Non-bonded term

• Over-compaction
Lack solvation term.

[Subaim2b]$ HyRes Protein Model

DOI: 10.1039/c7cp06736d 
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• Scale down sidechain vdW
interaction strength. 
(intramolecular interactions)

• Very limited influence in compensating the loss of 
dispersion (template: p53-NTD). 

[Subaim2b]$ 1st Adjustment: Weaken Intramolecular Interactions 

DOI: 10.1039/c7cp06736d 



• Solvent-accessible surface area (SASA) : • Three templates for testing  

• 2EVQ (beta sheet)
• (AAQAA)3 (helix)
• KIX (helix)

Simulations: under 450 K, from folded to extended 
conformations.

Initial state

Final state

(AAQAA)3 KIX2EVQ

[Subaim2b]$ 2nd Adjustment: Introduce Solvation Term

DOI: 10.1002/prot.10001
https://en.wikipedia.org/wiki/Accessible_surface_area



• SASA correlates well with ture
surface calculated value

• Testing template: poly-Glycine
• Ramachandran Plot

• SASA/HyRes results

𝑅! ∝ 𝑁"

V≈	0.75
N61 ≈	20	Å

[Subaim2b]$ Implicit Solvent Model Help to Decrease Compaction

doi.org/10.1155/2014/203518 

R2 =	0.67

R2 =	0.83

R2 =	0.81
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Force field parameters

Implicit solvent model

v Sidechain shielding
v Smaller calculated surface value
v …

[Subaim2b]$ Potential Problems 
• Poly-Alanine for secondary structures 

tuning.

DOI: 10.1002/prot.10001 
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