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Introduction

Creatine is a crucial metabolite that plays a fundamental role in ATP homeostasis in tissues with high-
energy demands. The creatine transporter (CreaT, SLC6A8) belongs to the solute carrier 6 (SLC6)
transporters family, and more particularly to the GABA transporters (GATs) subfamily. Understanding the
molecular determinants of specificity within the SLC6 transporters in general, and the GATs in particular
is very challenging due to the high similarity of these proteins.
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Goals and methods

Conclusions

Templates : hSERT and LeuT

Docking studies

Three-dimensional structure of LeuT, (PDB ID 2A652)
from side and top view respectively.

• Induced fit docking of known CreaT ligands in the occluded conformation to rationalize biological
activities.

• An optimal length of carbon linker (4.5-5 Å) seems necessary between the guanidine and carboxylate
groups to establish hydrogen bonds with respectively Cys 144 and Gly 71 and the Na+ .

• LeuT and hSERT share 21% and 44% sequence
identity with human CreaT respectively
• Similar“LeuT-fold”
• Use the gated-pore mechanism

• Finding key structural features involved in binding selectivity for CreaT using structure-based
computational methods.

• Building reliable homology models using two templates :
Þ the human serotonin transporter (hSERT)1– outward open conformation
Þ the prokaryotic leucine transporter (LeuT)2 – occluded conformation

Sequence alignments

• Our homology models provide structural insight into the structural determinants
characterizing the substrate selectivity of CreaT.

• The presence of a π-helix in TM10 provides a specific packing of the binding site.
• Screening large virtual libraries would allow to validate our binding mode hypothesis.

Homology modeling
• Generation of a 3D model of a protein with an unknown

structure (‘target’) based on an experimentally determined
structure of a homolog protein (‘template’)3.

• The protocol generally includes several steps (c.f. flow chart)
ranging from template selection to model validation.

• The process is iterative until a suitable model is obtained.
• We modeled the CreaT transporter in the outward open and

occluded conformation
• We included a loop refinement procedure to optimize this

TM10 insertion.
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exchanger 1 (ref. 21) (AE1; SLC4A1), and the ammonium
channel or Rh protein (RhCG; SLC42A3).22 However, in recent
years there has also been a surge in the number of atomic
structures of SLC homologs from a variety of eukaryotes (e.g.
the Drosophila dopamine transporter DAT (SLC6A4))23 and
prokaryotes (e.g., the Shewanella oneidensis di-/tri-peptide
transporter PEPTso (an SLC15 homolog)).24 Many of these
structures share sequence identity of ∼30% or more and con-
served binding site with their human homologs, thereby pro-
viding useful templates for elucidating the substrate specific-
ity of the human SLC members. For example, the aspartate
transporter GltPh, from the Archaean organism Pyrococcus
horikoshii,25 shares sequence identity of 24–35% with the hu-
man SLC1 family of glutamate or neutral amino acid trans-
porters. Models of human SLC1 members including the glu-
tamate transporter EAAT3 (SLC1A1)26 and the neutral amino
acid transporters ASCT1 (SLC1A4)27,28 and ASCT2 (SLC1A5)29

based on GltPh structures have revealed mechanisms of ion
coordination26,27 and differential amino acid selectivity28 in
this family; ASCT2 models were also subjected to successful
ligand discovery30 and optimization29 campaigns.

Unlike other functionally defined “superfamilies” such as
ABC transporters and GPCRs, the SLC members are highly di-
verse in structure, consisting of a variety of folds, many of
which are unlikely to be evolutionarily related to each other.
For example, the two structural folds predicted to be the
most common in the human SLCs are the structurally dissim-
ilar Major Facilitator Superfamily (MFS) and the Leucine
transporter (LeuT)-like folds (Fig. 1A and C). In brief, the
MFS fold usually contains 12 transmembrane helices (TM) ar-
ranged into two inverted structural pseudo-repeats of six
TMs. The MFS fold is one of the most common membrane
protein folds in nature and includes various human families
such as the glucose facilitative transporters GLUTs/SLC2 and

Fig. 1 Transport mechanism models. In each case, a representative structure of a transporter that uses the mechanism described is shown in (A,
C, E) and three states of the transport cycle of the associated transporter are depicted in (B, D, F): outward-open, occluded and inward-open.
Rocker switch . (A) LacY is shown in an outward-open bound conformation (PDB: 4OAA135) with the N- and C-terminal halves in green and yellow
cartoons, respectively, and the substrate in red spheres. (B) The substrate binds to a V-shape conformation facing the extracellular side of the
membrane, triggering an intermediate occluded state. The substrate is then released from an inverted V-shape inward-open conformation. Gated-
pore. (C) LeuT is shown an outward-open bound conformation (PDB: 4FXZ136), with the scaffold and bundle domains represented in light and dark
blue cartoons, respectively, the substrate and ions in red and purple spheres. (D) The scaffold domain remains static, whereas the bundle domain
experiences conformational changes to bind and release the substrate. The binding site is enclosed by a thin gate (i.e., a salt bridge) on the extra-
cellular side, and a thick gate (TM1) on the intracellular side. Elevator. (E) GltPh is shown in an outward-open bound conformation (PDB: 2NWW25),
with the oligomerization and transport domain represented in light pink and magenta cartoons, respectively, and the two gates (HP1 and HP2) in
gray cartoons. The inhibitor is shown in red spheres, and sodium ions in purple spheres. (F) The oligomerization domain remains invariant while
the transport domain moves in a piston-like movement to transport the substrate from the extracellular side to the intracellular side of the
membrane.
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Gated-pore mechanism of transport3

The sequence alignments of the SLC6 family reveals
an additional amino acid in TM10 of all the GATs
subfamily, suggesting the presence of a π-helix.

ATPCACreatine Beta-GPA

Gamma-GBA GAA

Main differences between the two conformations :
• a tilting of two broken helices TM1 and 6 on the

extracellular side,
• a flipping of the conserved Tyrosine 148 (hydrophobic

extracellular lid).
=> Significant increase of the binding site volume,4 i.e. 285
Å3 in the outward occluded conformation vs. 1293 Å3 in the
outward open conformation.

π-helices were identified at distinct
positions in the templates LeuT (cyan) and
SERT (red).
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