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Method S1, GCMC Simulations 
Following the equilibrium MD simulations in Step 2.1, a generalized solvent boundary 
potential (GSBP) system was generated for the occluded LeuT with atoms within 20 Å of 
the leucine substrate explicitly represented while all other atoms in the system were 
included implicitly using a GSBP representation (1). After the GSBP maps were 
generated, the reduced systems were minimized and equilibrated for 500 ps. GCMC 
simulations were then run to stably insert water molecules inside the models (2). The area 
of interest is within 15 Å distance of the leucine substrate. Within the GCMC framework, 
water molecules are randomly inserted into or deleted from this interested area following 
a Monte-Carlo algorithm. The new conformation will be either accepted or rejected based 
on the change in net free energy following insertion or deletion of a water molecule. Each 
cycle of GCMC protocol consists of 20000 Monte-Carlo steps combined with 20 ps of 
the Langevin MD simulations to ensure proper relaxation of the side-chains at the 
position of the insertion/deletion. The convergence of simulations was monitored by the 
counting of total number of water molecules in the system. 100 cycles of GCMC/MD 
simulations were performed to ensure saturation with water molecules.  

 

Method S2, Free Energy Perturbation of uncharging of the Na+ in Na2 

The uncharging free energy of Na+ in Na2 is an approximation of the binding free energy 
of Na+ to Na2. The value of Na+ uncharging from Na2 we got from FEP computation is -
97.8 kcal/mol. To obtain the (approximate) binding free energy, the uncharging free 
energy of Na+ in water molecules (-91.6 kcal/mol) was subtracted. This results in an 
approximate binding affinity of -6.2 kcal/mol.  which is within the error to the value, ~-
5.2 kcal/mol, in ref. (3).  

The computational protocol for the computation of the uncharging binding free energy is: 
Following the equilibrium MD simulations in Step 2.1, FEP for Na2 Na+ uncharging was 
carried out using the CHARMM (4) PERTurb command. Each FEP experiment was run 
in windowed mode with 50 windows and 100 ps per window, with the thermodynamic 
coupling parameter λ varying between 0.0 and 1.0 by increments of 0.02. The integration 
timestep used was 1 fs. The ion is constrained to within 3.8 Å of the 5 coordinating 
oxygen’s using the NOE module in CHARMM with a force constant of 5 kcal/(mol·A2). 
This constraint effectively prevents the ion escaping from the site yet shall have only 
minor impact on the obtained uncharging free energy. The weighted histogram analysis 
method (5) was used to post-process the FEP calculation data. To obtain the uncharging 
free energy of Na+ in water, Similar FEP computation was performed for Na+ solvated in 
1125 water molecules.  

 



 
Fig. S1, The full simulation cell of LeuT membrane transporter embedded in DPPC lipid 
membrane. 

 
Molecular graphics view of the MD simulation setup of the leucine transporter LeuT. The 
protein is shown in grey ribbon mode. Ions, including the two Na+ bound in the protein, 
and the leucine substrate, are shown in spacefill mode. Water molecules are shown in red 
lines and DPPC lipid molecules are shown in blue lines. The full simulation box is 
hexagonal in shape and includes more than 60,000 atoms. 
 
 



 Fig. S2. Water interacting with residues involving in Na1 and substrate binding. 

     (A)                                                               (B)                                           

  
     (C)                                                                (D)                                                                         

 
 
The probability distributions of the distance between the N27 delta oxygen, F359 oxygen, 
S355 hydroxyl oxygen, I359 oxygen, with oxygen from nearby water molecules are 
shown for the Na2 bound (dashed) and Na2 free (solid) LeuT in (A), (B), (C), and (D) 
respectively.  
 



Fig. S3. Water interacting with Na2 ion 

 

Pair distribution function of the distance between the Na2 ion and oxygen atom from 
nearby water molecules are plotted for the Na2 bound LeuT.  



Fig. S4. Reorientation of the N-Cα-Cβ-Oγ dihedral of T354 of the vacant Na2 binding site. 

 
The distance between G20(O) – T354 (hydroxyl O) and the dihedral N-Cα-Cβ-Oγ of T354 
is plotted as a function of simulation time  in the top and the bottom panel respectively. 
Please note that the open (corresponding to a distance around 6 Å in the top panel) and 
close (corresponding to a distance around 4 Å in the top panel) are correlated with the 
original (corresponding to a dihedral around 50 degree in the bottom panel) and 
reoriented (corresponding to a dihedral around -50 degree in the bottom panel) dihedral 
N-Cα-Cβ-Oγ of T354.  



Fig. S5, Fluctuation of the Na1 site upon removal of Na+ in Na2. 

 
The probability distributions of the distance between N27(Oδ) and Na1 are plotted for 
Na2 bound (dashed) and Na2 free (solid) LeuT. 
 



Fig. S6, Illustration of the major conformational states of the proposed ion-coupled 
secondary membrane transporter transporting cycle.  

 
The transporters are simplistically represented by two black sticks. The coupled ion is 
represented by the magenta cross in a circle while the substrate is represented by an S 
character in an oval. The current collection of crystal structures (transporter name 
followed by pdb database entry symbol) that belong to transporters with similar 
topologies to LeuT are assigned to outward-facing open, outward-facing occluded, 
inward-facing occluded, inward-facing releasing, and inward-facing open based on their 
conformational states (6-15).   
a:	
  The	
  leuT	
  3F3A	
  structure	
  is	
  locked	
  in	
  an	
  putative	
  outward-­‐facing	
  open	
  state	
  by	
  the	
  
binding	
  of	
  an	
  competitive	
  inhibitor tryptophan (13).  
b,c,f: The AdiC (10),  and ApcT structures are proton-dependent instead of sodium-
dependant. The ApcT 3GIA structure is believed to be in a state of inward-facing without 
the proton and a substrate and the authors described it as an inward-facing occluded apo 
structure.  
d: The BetP 2W8A is in an occluded state with 2 sodium ions and a betaine substrate 
bound. Its conformation is relatively inward-facing and is believed to be in between the 
states of LeuT 2A65 and vSGLT 3DH4 (9).  
e: The vSGLT 3DH4 structure is inward-facing and has a substrate bound (14). The 
sodium ion might be either being released or released (6, 16).   
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