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Simulation Protocol 

All-atom molecular dynamics simulations were performed on lysozyme, intrinsic 

disorder protein (IDP, Tau267-312) and MerA. 

1. Lysozyme: The cubic simulation box contains one lysozyme molecule (PDB ID: 

1AKI), and 12274 water molecules. The minimum distance between the protein 

surface and the edge of the simulation box is 1 nm. The force fields used for the 

protein and water are charmm27[1] and TIP3P model, respectively. The MD 

engine Gromacs 5.0.7[2] was used to perform the simulation. Van der Waals 

interaction was truncated at 1.2nm with the LJ potential being switched to zero 

gradually at 1.0nm. Particle Mesh Ewald[3] with Coulomb cutoff of 1.2nm was 

used to calculate electrostatic interaction. All bonds involving hydrogen atoms 

were constrained with LINCS algorithm[4] to allow a time step of 2fs. The 

system was first energy minimized using steepest descent steps with a maximum 

force of 10.0 kJ*mol-1*nm-1 for 50000 steps, and then equilibrated in the NVT 

ensemble at T=300 K for 100ps and in the NPT ensemble at p=1bar for 200ps. 

The NPT production run was conducted for 150ns with the time step of 2 fs, and 

the last 100ns trajectory saved at every 100 ps was saved for analysis. The 

temperature coupling was performed using velocity-rescale algorithm with a 

coupling time of τ=0.5ps. The pressure coupling was performed using 

Parrinello-Rahman algorithm with a coupling time of τ=3ps. 

 

2. IDP: The structure is taken from the protein data bank (ID: 2MZ7), which is one 
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type of human tau protein （Tau267-312）. The detailed force filed of IDPs can be 

found in Ref.[5-8]. The temperature was controlled at 300 K using 

velocity-rescale algorithm. The pressure coupling was performed using 

Parrinello-Rahman algorithm at 1 bar. The production MD trajectory was 

conducted for 100ns saved as every 100ps. 

3. MerA in solution: 

The simulation was performed using the Jaguar Cray XT5 supercomputer at Oak 

Ridge National Laboratory with GROMACS using the CHARMM27 all-atom 

force field[1] and the TIP3P water model.  The mass ratio of protein to water 

was ~ 3%, leading to a total of ~ 740,000 atoms.  100 mM of NaCl was added to 

mimic the experimental condition. Periodic boundary conditions were applied. 

The Particle Mesh Ewald (PME) method[3] was used to calculate the electrostatic 

interactions with a real space cutoff of 9 Å. Van der Waals interactions were 

reduced to zero by switch truncation applied from 9 to 11 Å. The simulation was 

carried out with an integration time step of 4 fs by applying the virtual sites 

approach for hydrogen atoms. To reach the experimental temperature (10 °C) and 

pressure (1 bar), the Berendsen method was used with relaxation times of 0.1 ps. 

After 1 ns equilibration, the production run was performed for 550 ns in the NPT 

ensemble using the Nose-Hoover thermostat and the Parrinello-Rahman barostat 

with relaxation times of 1.0 ps. In the present work, the last 500 ns trajectory 

saved at every 500 ps is saved for the analysis for the simulation test (Fig. 3c in 

the main text). 
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4. Gas phase simulation of MerA 

The gas phase simulation was performed at 500 K. The two NmerA domains and 

the core domains were treated as rigid bodies, while the flexible linkers were 

allowed to move freely. More detail can be found in Ref[9]. The production run is 

100 ns, which provides the pool of protein conformations, used for fitting to the 

experimental SAXS data by the one- and two-fold methods (Fig. 5 in the main 

text). 

The Monte Carlo (MC) method: 

The populations of different sub ensembles are obtained by fitting against the target 

SAS profiles using a Monte Carlo procedure as below: 

1. One can start by setting the population of each sub ensemble of the 

simulation-derived protein conformations as, 𝜆1 =  𝜆2 = . . . =  𝜆𝑁  =  1/𝑁 

where N is the total number of sub ensembles, and then define the Hamiltonian as  

H =
1

𝐿−1
∑

[∑ 𝑃𝑖∗𝐼𝑖(𝑞𝑠)
𝑁
𝑖=1 −𝐼𝑡𝑎𝑟(𝑞𝑠)]

2

𝜎2(𝑞𝑠)
𝑠 ,                                       (S1) 

∑ 𝑃𝑖 ∗ 𝐼𝑖(𝑞𝑠)𝑁
𝑖=1  is a sum over different sub ensembles for a given wave vector, qS. The 

summation ∑𝑠 is performed over different q vectors. L is the number of q vectors. 

𝐼𝑖(𝑞) is the averaged SAS profile of each sub ensemble and 𝐼𝑡𝑎𝑟(𝑞𝑠) is the target 

SAS profile, which can be obtained by either experiment (e.g., Fig. 5a in the main text) 

or calculated using a portion of the simulation trajectories (e.g., Fig. 3 in the main 

text). 
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2.  For 𝑖 in {1, 2, … , 𝑁}: one makes a movement by setting the population λ𝑖 →

λ𝑖  +  ∆  ∗  rand(−1, 1), where the step size ∆ =  𝜆𝑖/10, and the function “rand()” 

samples a random value in the range from -1 to 1, and also ensures the sum of 

population to be 1 in every step, i.e., ∑ λ𝑖 = 1𝑁
𝑖=1 .  

The movement is accepted for the probability 𝑃 =  min (1, 𝑒𝑥𝑝(−𝑐(𝐻𝑛𝑒𝑤 −

 𝐻𝑜𝑙𝑑))) ,  where 𝐻𝑜𝑙𝑑  and 𝐻𝑛𝑒𝑤   are Hamiltonian before and after this 

movement, and 𝑐 is a positive constant to ensure the efficiency of the MC process, 

which is set to be 1010 in the present work.  

3.  Repeat step 2 for 10000 steps.  

 

Definition of DRMS. 

DRMS[10] between two structures i and j is defined as 

𝐷𝑅𝑀𝑆(𝑖, 𝑗) = √
1

𝑁2
∑(𝑑𝑚,𝑛

𝑖 − 𝑑𝑚,𝑛
𝑗

)
2

𝑚,𝑛

 

Where 𝑑𝑚,𝑛
𝑖  is the Euclidean Distance of the 𝛼 −carbon atoms of residues m and n 

in structure i. 𝑁2 is the number of residues pairs. 

 

 

 

 

 



6 
 

Testing using different portions of the MD trajectory of MerA to calculate the 

target I(q). 

 

Fig. S1 The relative error, , defined in Eq. (3) in the main text derived using 

one-fold and two-fold methods using different portions of the 1000 MD-derived 

MerA conformations to calculate the target I(q). Here RMSD is used as the 

structural metric for conformational clustering. 
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Comparison of the difference in SAXS profiles and the structural metrics for 

each pair of protein conformations. 

 

 

Fig. S2, Comparison of the structural metrics and the difference in I(q) of SAXS, ij, 

as defined by Eq. (1) in the main text for every two lysozyme conformations. The 

structural differences are measured as (a) RMSD, (b) dihedral distance[11] and (c) 

DRMS[10], respectively. Our finding that the difference between SAXS profiles for 

two protein conformations is generally uncorrelated with the structural metrics.  
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Comparison of the difference in SANS profiles and the structural difference for 

pairs of protein conformations. 

 

Fig. S3, Comparison of the structural metrics and the difference in I(q) of SANS, ij, 

as defined by Eq. (1) in the main text for every two MerA conformations. The 

structural differences are measured as (a) RMSD, (b) dihedral distance[11] and (c) 

DRMS[10], respectively. Our finding that the difference between SANS profiles for 

two protein conformations is generally uncorrelated with the structural metrics. 

 

Table S1 Scoring parameters, 𝜒2, the cutoffs of RMSD, DRMS and dihedral distance, 

and the ratio between 𝛾one-fold and 𝛾two-fold for the simulation test on merA when the 

analysis is based on SANS profiles.  

  RMSD DRMS Dihedral distance 

MerA  0.3499 0.2881 0.4182 

 0.7698 0.7275 0.7029  

 30.8425 4.1333 3.1146 

cutoff 6.5Å 4Å 0.16 

 

 

𝜒𝑜𝑛𝑒
2  

𝜒𝑡𝑤𝑜
2  

𝛾𝑜𝑛𝑒/𝛾𝑡𝑤𝑜 
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The determination of true population for a given target portion of the MD 

trajectory 

Figure S4 uses MerA as an example to illustrate how the “true” values of 

populations for representative structures are determined for the simulation test. First 

of all, the structural basis (representative structures) of MerA are obtained by 

clustering the initial pool of protein structures, i.e., the full MD trajectories, noted as T, 

based on a given cutoff of RMSD. A selected portion of the MD trajectory (noted as 

T’), i.e., the first one fifth of the trajectory, is taken as the target and used to calculate 

the target SAXS data for modeling by one- or two-fold method. As T’ is a portion of T, 

protein conformations in T’ are thus fully covered by the structural basis derived from 

T, and the associated “true” populations can be simply determined by counting the 

number of snapshots (protein structures) in T’ belonging to each of these 

representative structures. 
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Fig. S4: Pictorial presentation for how to determine the true populations of sub 

ensembles in the target portion of the MD trajectory. 
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