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Materials and Methods 

Simulation Systems. 

Compounds. The most likely protonation states of MBX2319 and D13-9001 at pH 7.0 were 

calculated with the Marvin package (1) following Ref. (2). The force field parameters of these 

compounds were taken from the GAFF force field (3), and the missing ones were generated 

using the modules of the AMBER12 package (4). Atomic restrained electrostatic potential 

(RESP) charges were derived using the antechamber tool of AMBER, after a structural 

optimization performed with Gaussian09 (5) in the presence of implicit solvent (PCM). The 

parameters of the other compounds (MIN, PAβN and NMP) were taken from Ref. (2).The 

parameters of the compounds investigated here are available upon request to the authors. 

Docking. The structure of the binary complex AcrB-MBX2319 was generated by docking the 

ligand into the Binding or B protomer, using the AUTODOCK VINA package (6) and the high-

resolution structure of AcrB 2J8S as target (7). A grid of 30 x 30 x 30 Å centered in the middle 

of the DP was used. 

MD simulations.  Five simulations (one for each complex) each of more than 300 ns in length 

were performed using the program NAMD 2.9 (8). A time step of 1.5 fs was used. Periodic 

boundary conditions were employed, and electrostatic interactions were treated using the 

particle‐mesh‐Ewald (PME) method, with a real‐space cutoff of 12 Å and a grid spacing of 1 Å 

per grid point in each dimension. The van der Waals interactions were modeled with a Lennard-

Jones potential, using a smooth cutoff (switching radius 10 Å, cutoff radius 12 Å). The 

simulations were performed in the NPT ensemble and the temperature was kept at 310 K by 

applying the Langevin thermostat to all heavy atoms with the Langevin damping constant set to 
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5 ps‐1. The pressure was kept at 1.013 bar using the Nosé‐Hoover Langevin piston pressure 

control. 

In order to guarantee a slow equilibration phase while keeping the asymmetric structure of the 

protein in accordance to X-ray data (7, 9, 10) the equilibration and the production runs were 

performed according to the protocol below (2): 

• In order to rearrange the position of waters and ions, relaxation was performed in the 

presence of soft restraints (1 kcal·mol-1·Å-2) on all the non-hydrogenous atoms of the protein and 

the ligand. In the second and third steps, the restraints were kept only on backbone and Cα 

atoms, respectively, and on the non-hydrogenous atoms of ligand. Finally, restraints were 

removed from the ligand and from a selection of residues having at least one atom within 8 Å 

from the ligand. In all the steps the structure of the solute from previous step was used as target 

for restraints, and up to 10,000 optimization steps were performed using the conjugate-gradients 

algorithm. 

• Next, annealing up to 350 K was performed in 2 ns, using the same setup as in the last 

step of the relaxation described at the previous point, and constant volume and temperature 

conditions (NVT ensemble). This was followed by quenching to 310K in 3 ns, and then a 1 ns 

long equilibration with same setup as above, but in the NTP ensemble.  

• Finally, two productive runs were performed: a) ‘partially restrained MD’ runs of 15 ns, 

using the same setup as above, and the last conformation from previous dynamics as target for 

structural restraints; b) unrestrained MD simulations of ~300 ns, in order to assess further the 

stability of the ligands within the binding pocket in the absence of any bias. The trajectories were 

saved every 30 ps, resulting in ~10000 conformations for each trajectory. 
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Structural relaxation of the trimolecular complexes 

The trimolecular adducts MIN-inhibitor-AcrB were generated by docking MIN on the 

representative average structure of the AcrB-inhibitor complexes extracted from the 

corresponding MD trajectory. Then, four rounds of partially restrained structural optimization 

were performed in the presence of soft restraints (1 kcal·mol-1·Å-2). In a first step, the restraints 

were applied on all the non-hydrogenous atoms of the protein and the ligand. In the second and 

third steps, the restraints were kept only on backbone and Cα atoms, respectively, and on the 

non-hydrogenous atoms of ligand. Finally, restraints were removed from the ligand and from a 

selection of residues having at least one atom within 8 Å from the ligand. In all the steps the 

structure of the solute from previous step was used as target for restraints, and up to 10,000 

optimization steps were performed using the conjugate-gradients algorithm. 

 

Post-processing analyses - free energy evaluation and decomposition into per-residue 

contributions. The free energy of binding of the inhibitor to AcrB was evaluated by means of 

the Molecular Mechanics – Generalized Born Surface Area (MM-GBSA) post-processing 

method (11, 12) using the MMPBSA.py tool of the AmberTools package (13). 

According to the MM-GBSA theory, the free energy of binding ∆Gbind is evaluated through the 

following formula: 

.
 

Gcom, Grec, and Glig are the absolute free energies of complex, receptor, and ligand, respectively, 

averaged over the equilibrium trajectory of the complex (single trajectory approach).  According 

to these schemes, the free energy difference can be decomposed as: 
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where ΔEMM is the difference in the molecular mechanics energy, ΔGsolv is the solvation free 

energy, and TΔSconf is the solute conformational entropy. The first two terms were calculated 

with the following equations: 

 

 

EMM includes the molecular mechanics energy contributed by the bonded (Ebond, Eangle, and 

Etorsion) and non-bonded (Evdw and Eele, calculated with no cutoff) terms of the force field. ΔGsolv 

is the solvation free energy, which can be modeled as the sum of an electrostatic contribution 

(ΔGsolv,p, evaluated using the MM-GBSA approach) and a non-polar one (ΔGsolv,np = γΔSA + b, 

proportional to the difference in solvent-exposed surface area, ΔSA).  

In the MM-GBSA approach, the electrostatic solvation free energy was calculated using the 

implicit solvent model in Ref. (14) (igb = 8 option in AMBER12) in combination with mbondi3 

(15, 16) (for H, C, N, O, S elements) and intrinsic (17) radii. Partial charges were taken from the 

AMBER/GAFF force fields, and relative dielectric constants of 1 for solute and 78.4 for the 

solvent (0.1 M KCl water solution) were used. The non-polar contribution is approximated by 

the LCPO (18) method implemented within the sander module of AMBER. In addition to being 

faster, the MM-GBSA approach furnishes an intrinsically easy way of decomposing the free 

energy of binding into contributions from single atoms and residues (19), which is alternative to 

the “alanine scanning” approach. 

Solvation free energies were calculated on ~1000 frames for the unbiased MD simulations. The 

solute conformational entropy contribution (TΔSconf) is composed by a rototranslational term, 
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calculated through classical statistical mechanics formulas, and by a vibrational term, which has 

been estimated here through normal-mode analysis using the nmode module of AMBER. To 

reduce the errors in the evaluation of the entropic term and to speed up the calculation of the 

vibrational contribution to ΔS, we followed a recently developed approach (20) also used in 

previous works by some of us (2, 21, 22). In this method, normal modes calculations are 

performed on a subset of atoms of the system (namely those belonging to residues within 8 Å of 

the ligand), but in the presence of a buffer region containing protein residues between 8 and 12 Å 

from the inhibitor and water molecules within 12 Å of the ligand. This avoids large distortions of 

the structure with respect to the conformation extracted from the dynamics, and the questionable 

use of a distance-dependent dielectric constant. The cutoff on the convergence on the forces was 

set to 10-5 kcal/(mol·Å). Solute entropies were calculated, for each system, on ~300 snapshots 

taken every teq/300 ps from the part of the unbiased trajectories of length teq selected for all the 

analyses reported here (see Fig. S1). 

Post-processing analyses - surface matching within the AcrB pockets. The software 

PLATINUM (23) was used to get an estimate of the binding affinity of various compounds to the 

distal and proximal pocket. The method is based on the concept of empirical molecular 

hydrophobicity potential (MHP (24)), which is used to calculate molecular 

hydrophobic/hydrophilic properties. Namely, the MHP at any point j, due to N atoms, is defined 

as (25, 26): 

 



7 
 

where i and fi are the atom number and the corresponding hydrophobicity constant, and d(rij) is 

the distance function between atom i and point j.  In our calculations we selected the Fermi-like 

function: 

 

 where c is a cutoff, usually set to 4 Å, and a = 1 Å-1. The atomic hydrophobicity constants (~120 

atom types were available) are derived from octanol-water log P values for various organic 

compounds (27) and automatically assigned according to the molecular topology. Positive and 

negative MHP values correspond respectively to hydrophobic and hydrophilic surface regions. 

Comparison of molecular MHPs on the interfacial surface gives an understanding of the 

complementarity of the ligand to the receptor’s binding site in terms of hydrophobic and 

hydrophilic matching (23, 25, 26). Specifically, the complementarity between AcrB and the 

ligand is estimated by the matching of hydrophobic and hydrophilic areas, projected for both 

partners onto the Connolly surface of the ligand, and calculated as: 

 

The lipophilic matching ML is particularly significant in the case of AcrB, since all of its 

substrates share a certain degree of lipophilicity (28, 29). This is confirmed by the analysis of 

hydrophobic vs hydrophilic surfaces of the compounds investigated here (Table 1). Furthermore, 

it has already been reported (and rationalized through MHP calculations) that a variety of 

hydrophobic interactions (which are not as directional as salt bridges or H-bonds) plus some 

weak polar groups are characteristics of binding pockets able to interact with structurally diverse 

substrates (30). 
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The analyses as well as the atomic-level figures, were performed using tcl scripts within VMD 

(31) or utilities of the AMBER package. 
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SUPPLEMENTARY TABLES 

Compound Biased MD (ns) Unbiased MD (ns) 
MBX2319 17 300 

NMP 17 300 
PAβN 22 300 

D13-9001 17 300 
MIN 17 300 

 
Table S1. Length of MD simulations performed in this work. 

 
 

Compound Mol. Weight Net Chargeb # HB acceptors # HB donors Hydrophobic surface (%)c LogPd 

MIN 457.5 0 9 5 58 0.90 
MBX2319 409.5 0 5 0 95 3.76 
D13-9001 694.8 -1 12 2 68 1.94 
PAβN 448.6 +2 4 6 49 1.98 
NMP 227.3 +1 1 1 66 2.44 
DOX 543.2 0 11 6 67 1.27 

a Inhibitors of the pump are italicized. 
b The most likely protonation state at pH=7.0 has been calculated for each compound using the Marvin(1) package 
c Calculated with the program PLATINUM (23) 
d Calculated with XLogP3 (32) 
 
Table S2. Physico-chemical properties of the inhibitor subject of the present study, compared to 

those of selected compounds from Ref. (2). The names of inhibitors are italicized. 
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Table S3. Relevant per-residue contributions to ∆Gb for the inhibitor MBX2319, compared with 

results for inhibitors NMP, PAβN(2) and D13-9001 (33), with the substrate MIN and with the 

substrate DOX in the F610A variant of AcrB. Only residues contributing more than kT at room 

temperature (0.593 kcal/mol) are reported. Residues contributing to binding of two or more 

inhibitors are bolded, and those contributing to binding of all inhibitors are also italicized. 

Residue MBX2319 D13-9001 NMP PAβN DOXF610A MIN 

T44 - - - -0.6 (0.5) - - 
S46 - - - - -0.7 (1.1) - 
S48 - - - - - -1.2 (0.9) 
Q89 - - - -1.3 (1.0) -0.6 (1.1) - 
S128 - -1.4 (1.5) - - - - 
E130 - - - -0.7 (1.9) - - 
F136 -2.1 (0.5) -1.0 (0.4) -1.7 (0.6) -1.7 (0.5) -2.8 (0.6) - 
V139 -1.1 (0.4) -1.6 (0.3) - - -1.0 (0.2) - 
Q151 - -1.3 (0.5) - - - -0.8 (0.5) 
S155 - -3.4 (0.9) - - - - 
Q176 - - -1.1 (0.6) -2.5 (0.6) -1.7 (0.6) - 
L177 - -0.7 (0.6) - - -1.3 (0.8) - 
F178 -0.7 (0.6) -5.7 (0.8) -0.7 (0.6) -1.0 (0.5) -3.1 (0.8) -2.5 (0.5) 
G179 - -2.3 (0.7) - - - -1.0 (0.4) 
S180 - -0.8 (1.2) - - - -0.8 (0.4) 
N274 - - - - - -1.4 (1.1) 
I277 - -2.3 (0.5) - -0.9 (0.5) -0.7 (0.4) -3.3 (0.6) 
I278 - - - - - -0.6 (0.2) 
A279 - -1.0 (0.4) - - - - 
S287 - -0.6 (0.4) - - - - 
G288 - -4.3 (0.9) - - - - 
P326 - -0.8 (0.3) - - - - 
Y327 -2.3 (0.6) -1.5 (0.4) - - -0.8 (0.4) - 
V571 -1.2 (0.4) -0.6 (0.2) - - - - 
M573 -0.7 (0.5) -0.6 (0.2) - - - - 

F/A610 -1.3 (0.7) -2.7 (0.5) - - - - 
V612 - -1.5 (0.3) - - - -1.0 (0.3) 
F615 - -1.9 (0.4) -1.5 (0.5) -3.3 (0.5) -1.6 (0.4) -1.0 (0.3) 
F617 - - - - -0.7 (0.8) - 
A618 - - -0.9 (0.5) -0.7 (0.5) - - 
R620 - - - - -0.9 (0.3) -0.7 (1.3) 
I626 - - -1.0 (0.6) -0.6 (0.5) - - 
F628 -3.8 (0.6) -3.7 (0.5) -1.1 (0.6) -0.8 (0.4) -0.6 (0.4) - 
L668 -1.7 (0.5) - - - - - 
V672 -0.7 (0.3) - - - - - 
E673 - - - -0.9 (0.8) - - 
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Residues belonging to the “hydrophobic trap” defined in Ref. (33) are underlined and the 

corresponding row shared gray in the Table. 

  



12 
 

SUPPLEMENTARY FIGURES 

   

 

  

Figure S1. A-E) RMSD profiles along the trajectory of each system simulated in this work. The 

profiles of the protein and of the ligands with respect to the docking structure are shown by blue 

and red curves respectively, while the RMSD of the ligands with respect to the last snapshot of 

the trajectory is shown with a green curve. The solid lines represent running averages over 50 

points of the dotted lines; F-G) Comparison between two representative conformations extracted 
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from the MD trajectory of AcrB-MIN (the drug is shown in thick sticks colored according to the 

atom type, and residues within 3.5 Å are represented by thin sticks colored according to the 

residue type) and the X-ray structure in Ref. (34) (PDB code 4DX5); H) Comparison between a 

representative conformation extracted from the MD trajectory of AcrB-D13-9001 and the X-ray 

structure in Ref. (33) (PDB code 3W9H). 
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Figure S2. Position of DOX with respect to the hydrophobic trap in monomer B of the F610A 

variant of AcrB. The ligand is shown in tick sticks colored according to the atom type, and the 

side chains of residues constituting the hydrophobic trap are shown with sticks (thick if the 

residue is within 3.5 Å of the ligand, thinner otherwise). The rest of the protein is shown with 

molecular surface, colored in orange, yellow and iceblue at the PC1/PC2 Cleft, the G-loop tip 

and the exit Gate respectively, and white elsewhere. No channels leading from the Cleft to the 

Gate through the AP and/or DP were found in this complex. 
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Figure S3. Radii of the channels leading from the PC1/PC2 Cleft to the exit Gate as found in the 

adducts between AcrB and MBX2319 (A), D13-9001 (B), NMP (C), MIN (D), and in the 

transporter free of ligands (E). As reported in the main text, no channel was found in the AcrB-

PAβN complex. The tiny black lines in each graph represent the profiles of the radii as extracted 

from ~120 snapshots of MD trajectory with the program CAVER (35), while the running 

average over 50 steps of the whole set of data is represented by blue solid circles. 
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Figure S4. Superimposition between representative structures of D13-9001 (red sticks) and 

DOX (iceblue) within the hydrophobic trap of AcrB and AcrBF610A respectively. The residues of 

the trap within 3.5 Å of the ligands are shown by solid spheres, while the tips of the G-loop are 

shown in cartoons. 
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Figure S5. Position of DOX relative to the hydrophobic trap in the highest resolution structure 

available to date of the ligand in complex with AcrB (34). The drug is shown in thick sticks 

colored according to the atom type, with the sidechains of residues lining the trap and within 3.5 

Å of DOX represented by thick magenta sticks, while the other residues of the trap are shown 

thinner. The protein is shown in transparent cartoon representation, except for the tip of the G-

loop shown in solid gray. The residues Q124 and Y758 lining the exit Gate are shown by iceblue 

solid spheres. 
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