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Supplementary Figure S1 : Structural analysis of DFR-LAR complexes.

Figure S1: Complex structure of the enzyme DFR (in grey) and LAR (in black) in both PP1 (a) and PP2 (b) docking 

solutions. To predict the structure of the DFR-LAR complex, a virtual screening of all putative protein-protein 

interfaces was performed using the ATTRACT docking program.1 110000 protein-protein interfaces were energy 

minimized. The top 10 poses exhibit an ATTRACT interaction energy ranging from -9.7 to -8.4 kcal.mol-1. The enzyme 

active sites should be closed enough to enable the substrate transfer directly from an enzyme to the following one, 

thus, among docking solutions, the orientation of the proteins was checked measuring the distance between the 

active sites. The residues I171 of LAR and T159 of DFR have been identified as key residues at the entrance of enzyme 

active site (cf. Supplementary Figure S3). The distance values between their Calpha atoms range from 14 to 70 Å. 

Docking poses featuring the shortest distance (< 30 Å) were kept for MD refinement. Two poses with a I171-T159 

distance of 20 and 16 Å, satisfy the structural requirements. They are ranked 4th and 7th according to the attract score 

with -8.7 and -8.5 kcal.mol-1 respectively. In the following, these complexes are subjected to molecular dynamics 

simulations and are respectively called PP1 and PP2 (Figure 1).



Supplementary Table S1. Structural analysis of DFR-LAR docking solutions. Description of the 

composition of the interface for the two selected solutions of the ATTRACT Protocol.

PP1 Complex PP2 Complex

Amino-acids involved at the interface 63 42
H-Bonds 12 7

Amino-acids involved in the core 23 30
Non-polar residues (%) 33 48

SASA (Å2) 1900 2070
Ionic interaction 0 1

As defined by Lo Conte et al.2, a protein-protein interaction is composed of two zones with distinct physico-chemical 

properties: the core and the rim of the interface. For transient protein-protein complexes, the core is mainly 

constituted of hydrophobic residues with few water molecules playing a structural role. The rim is partially accessible 

to solvent and the fraction of polar residues is much higher than in the core. The analysis performed with Ligplot+ 3 

and Naccess4 shows that the core of the interface is more compact for PP2 than for complex PP1. The core of the 

PP1 interface involves less residues (30 vs 23) and its surface is slightly higher (2070 vs 1900 Å2). If we extend the 

analysis to the rim, the conclusions are still the same with a total number of residues of 63 and 42 for PP1 and PP2 

respectively. The fraction of non polar residues is clearly in favor of cluster PP2 (33 vs 48 %). However, the number 

of hydrogen bonds at the interface is higher for PP1 than for PP2 (12 vs 7 H bonds). Despite some structural 

discrepancies, DFR-LAR complex structures exhibit transient properties, in agreement with the biological function of 

the complex.



Supplementary Figure S2 : Experimental free energy of binding vs ATTRACT score.

Figure S2. Experimental free energy of binding 5, 6 vs ATTRACT score. The two red dot indicate PP1 and PP2 DFR-LAR 

complexes as predicted by the ATTRACT protocol. The ATTRACT protocol is based on a knowledge based scoring 

function. The parameter set was optimized to predict near native complex structure in top ranked solutions7 and 

not a binding affinity. However, the ATTRACT scoring function was assessed to reproduce experimental binding 

affinity of transient protein-protein complexes. As mentioned in Kastritis et al.6, docking protocols are still not able 

to predict experimental binding affinities but they show relatively good performance in classifying the complexes 

into low, medium and high affinity groups. Comparing experimental binding affinities with the ATTRACT score, the 

DFR-LAR complex belongs to the weak protein-protein interaction group with an estimated KD in the range of 

micromolar (~ 10-6 M). Analyzing top ranked solutions, the first ten complexes exhibit a high diversity of putative 

structures. The broad spectrum of protein-protein complex structures in conjunction with a narrow range of weak 

interaction energies is a typical feature of a flat energy landscape. It reflects the transient properties of the DFR-LAR 

complex



Supplementary Figure S3 : Egress routes from DFR and LAR active sites.

Figure S3. Egress routes from DFR and LAR active sites. (A) Ways of access to the DFR active site detected by RAMD 

simulations performed on DFR/NADPH/DHQ system. Each different pathway is shown in red, blue and green 

together with the major amino acids involved in each egress process. (B) Ways of access to the LAR active site 

detected by RAMD simulations performed on LAR/NADPH/LCC system. Only one route is sampled, represented in 

green and the amino acids involved during the diffusion are shown in Licorice. (C) Side view (left) and top view (right) 

of DFR/NADP+/LCC system. The trajectory followed by LCC during the unbinding process is shown in green and has 

been sampled by unconstrained Molecular Dynamics. The cofactor, the LCC ligand and the residues defining the 

entrance of the DFR catalytic site are shown in Licorice. The trajectory followed by LCC during the dissociation 

process corresponds to the red one previously sampled during RAMD simulations.



Supplementary Figure S4. Description of DFR and LAR active sites

Figure S4. Description of DFR and LAR active sites. Top: LCC-DFR mode of interaction within the enzyme cavity at the 

beginning of the simulation. The ligand-enzyme interactions have been compared to the ones found in the 

crystallographic structure (PDB identifier: 2C29). The substrate is stabilized within the active site by residues Q227, 

N133, T191, S128 and Y163 through electrostatic interactions and by residues A129, I132 through hydrophobic 

interactions. The reduced cofactor NADP+ also interacts with LCC. Down: LCC-LAR mode of interactions within the 

enzyme cavity as found at the end of the diffusion process. As in the crystal structure (PDB identifier: 3I52), the 

substrate interacts with residues K140, F272, G121, H171 and the cofactor NADPH, but the metabolite conformation 

does not fully match to its position in the crystallographic structure. The RMSd of the LCC position between the 

crystal structure and the simulation is about 5 Å.



Supplementary Figure S5. Electrostatic pattern during diffusion process.

Figure S5. Electrostatic pattern during diffusion process. +6 kT/e (blue) and -6 kT/e (red) isosurfaces of the 

electrostatic potential of DFR-LAR complex obtained by solving the linear finite-difference Poisson-Boltzmann 

equations implemented in APBS. Yellow stars indicate the enzyme active sites. The protein-protein interface creates 

an electrostatic pattern connecting both active sites. It is mostly composed of negative charged residues bearing H-

bond capacities. The driven force of the diffusion along this electrostatic pathway is thus the interaction of these 

residues with the different H-bond donor groups of flavonoid molecules.



Supplementary Experimental Procedures

RAMD simulations.

The paths followed by the substrate or the product between the bulk and the active site have been characterized 

for each enzyme. This will allow a rational choice of the protein-protein complex with two criteria: energetic and 

structural.

Considering DFR/NADPH/DHQ and LAR/NADPH/LCC systems independently, 30 Randomly Accelerated Molecular 

Dynamics (RAMD) trajectories based on different initial velocities have been produced to characterize the active site 

accesses. For the first case, 3 possible ways to access the DFR active site detected, and none of them are 

discriminated. For the second one, only one egress route is sampled (Supporting Information Figure 2). This protocol 

can be used to identify egress routes from a buried protein binding site to the bulk. Random acceleration was set to 

0.1kcal.mol-1.Å-1.g-1 and applied on the substrate every 40 steps of simulation. The calculation stops automatically 

when the distance between the centers of mass of the ligand and of the enzyme reaches 40 Å. 

The characterization of these accesses permits a better choice of the protein-protein models provided by ATTRACT. 

Considering the best ranked ATTRACT structures, none of them shows proximity between DFR L2 access and the 

entrance in LAR active site. Thus, to define the proximity between the active sites, the distance between Calpha carbon 

atoms of I171LAR, located at LAR cavity entry and T159DFR, the best candidate amongst all residues constituting DFR 

red egress route (see Supporting Information Figure 2A), is selected. 
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