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Abstract
Membrane transporters that use energy stored in sodium gradients to drive nutrients into cells
constitute a major class of proteins. We report the crystal structure of a member of the solute
sodium symporters (SSS), the Vibrio parahaemolyticus sodium/galactose symporter (vSGLT). The
~3.0Å structure contains 14 transmembrane helices in an inward facing conformation with a core
structure of inverted repeats of 5 TM helices (TM2-TM6 and TM7-TM11). Galactose is bound in
the center of the core, occluded from the outside solutions by hydrophobic residues. Surprisingly,
the architecture of the core is similar to the leucine transporter (LeuT) from a different gene
family. Modeling the outward-facing conformation based on the LeuT structure, in conjunction
with biophysical data, provides insight into structural rearrangements for active transport.

A central question in biology is how energy is harnessed to do work. For the active
accumulation of glucose into cells, Crane proposed that energy was obtained from the
inward Na+ gradient, i.e. Na+/glucose cotransport (symport) (1). This hypothesis has been
extensively tested, refined and expanded to include the active transport of solutes and ions in
virtually all cell types (2). It is now established that cells maintain a low intracellular [Na+]
through the active pumping of Na+ out of the cell. This inward Na+ gradient, along with a
negative membrane potential, drives the transport of substrates into cells. Despite this
paradigm, the structural basis for Na+ solute symport is unknown.

Solute Sodium Symporters (SSS) (TC# 2.A.21) are a large family of proteins that
cotransport Na+ with sugars, amino acids, inorganic ions or vitamins (3). Members of this
family are important in human physiology and disease where mutations in glucose and
iodide symporters (SGLT1 and NIS) result in the congenital metabolic disorders glucose-
galactose-malabsoption (GGM) and iodide transport defect (ITD) (4, 5). SGLT1 is the
rationale for oral rehydration therapy and SGLTs are currently being targeted in drug trials
for type II diabetes.

The first member of the SSS family to be cloned was the intestinal Na+/glucose symporter
(SGLT1) (6) and since then over 250 other members have been identified across all six
kingdoms of life. The functions of the family members have been well characterized,
including the mammalian glucose (SGLTs), the iodide (NIS), the Vibrio parahaemolyticus

To whom correspondence may be addressed. ewright@mednet.ucla.edu; jabramson@mednet.ucla.edu.

NIH Public Access
Author Manuscript
Science. Author manuscript; available in PMC 2013 May 15.

Published in final edited form as:
Science. 2008 August 8; 321(5890): 810–814. doi:10.1126/science.1160406.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



galactose/glucose (vSGLT) and the Escherichia coli proline (PutP) symporters (3, 7, 8).
vSGLT has a sequence identity of 32% (60% similarity), 19% (58% similarity) and 18%
(57% similarity) to SGLT1, NIS and PutP (SFigure 1). All share an alternating-access
mechanism with tight coupling between Na+ and solute transport (9–11). Despite functional
studies supporting multiple states for symport, an absence of structural data on the protein
family has precluded rigorous examination of this hypothesis.

To gain structural insight into the mechanistic details, we solved the structure of vSGLT in
the presence of Na+ and galactose. As predicted by experimental and in silico studies,
vSGLT has 14 membrane spanning helices (TM) with extracellular amino- and carboxy-
termini (12, 13). The structural core is formed from inverted repeats of 5 TM helices (TM2-
TM6 and TM7-TM11) placing it in an inward facing conformation. Galactose is bound in
the center of the core, occluded from the outside solutions by hydrophobic residues. We use
structural and functional data, coupled with modeling, to predict the conformational changes
as the transporter alternates between the outward and inward facing conformations, thereby
providing a structural explanation for symporter dynamics.

Structure determination
Optimized crystals of SGLT from Vibrio parahaemolyticus displayed anisotropic
diffraction, with Bragg spacing of 2.7 Å and 3.7 Å along the best and worst directions,
respectively. Data were collected for 3 different crystal forms: P1, P21, and P212121. Initial
phases were obtained in the P21 crystal form, permitting the building of a partial model that
we used for molecular replacement into the P1 and P212121 crystal forms. Multi-crystal
averaging and solvent flattening substantially improved experimental phases and Se-
methionine crystals were used for sequence assignment. The model was refined from
merged data to a resolution of 2.7 Å with an R-free of 29.5% and an R-work of 26.9%
(STable 1). Of the 548 residues of vSGLT, 513 were built; the remaining residues are in
disordered loop regions (14).

Transporter architecture
The protein assembles as a tightly packed parallel dimer with an extensive contact surface
area of 1488Å2 occurring between TM helices within the lipid bilayer (SFigure 2). The
functional relevance of the dimer is unclear, as freeze-fracture electron microscopic studies
indicate that SGLTs function as monomers (13, 15). The overall architecture has a maximal
height and diameter of ~75 Å and ~55 Å (Figure 1). There are 14 transmembrane helical
segments (TM1 to TM14) with both N- and C-termini exposed to the periplasm. A single
galactose molecule is bound in the center of the protomer. A structural characteristic, not
anticipated from amino acid sequence, is the inverted topology repeat motif; TM2-TM6 and
TM7-TM11 are related by a ~153° rotation parallel to the membrane plane and are
structurally related (Figure 1A and SFigure 4A,B). These ten transmembrane helices likely
represent the core structure in the SSS family, with additional helices located on the N- and
C-termini. This inverted topology repeat appears to be a common motif of membrane
transport proteins (16–20).

The structure is comprised of a central group of 7 helices (TM2, TM3, TM4, TM7, TM8,
TM9 and TM11) that contribute side chain interactions for ligand selectivity, along with 7
supporting helices that stabilize these central helices (Figure 1 and SFigure 3C). The
positioning of the central helices in complex with the substrate forms a large cavity that
extends from just below the galactose-binding site to the intracellular space, representing the
inward-facing conformation (Figure 4B). A striking feature is the two discontinuous
transmembrane helices, TM2 and the symmetrically related TM7, in the center of the
protomer. In TM2 there is a break in the hydrogen-bonding pattern around residues I65, S66
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and A67 dividing it into roughly equivalent intracellular (TM2I) and extracellular (TM2E)
components. In TM7 the helix is disrupted at residues F266, N267, Q268 and Y269,
dividing it into a shorter intracellular (TM7I) and a larger extracellular (TM7E) segment
(Figure 1, 2A). This structural feature may have particular functional significance, as
discontinuous helices have been implicated in transport mechanisms of several
cotransporters (18, 20, 21).

There are notable structural features in the solvent-accessible regions. On the intracellular
side, helix IL3 situated between TM3 and TM4 (Figure 1), is located on the outer edge of
the cavity leading to the substrate-binding site. On the extracellular face between TM8 and
TM9 there are two extracellular helices (EL8Ha) and (EL8Hb). There may be mechanistic
implications with EL8Hb as it straddles the membrane plane and forms extensive contacts
with the central helices TM2 and TM4. There is an additional extracellular helix (ELH6)
between TM6 and TM7. This loop connects the two inverted repeats and harbors a
glycosylation site in the eukaryotic SGLTs (22).

The 10 core helices (TM2-TM11) form a structure that displays a similar topology to the
core structure of LeuT (TM1-TM10), a bacterial member of the Neurotransmitter Sodium
Symporters (NSS) family (18) (SFigure 4C). This structural homology was surprising,
because the SSS and NSS families have no significant similarity at the sequence level.
Sequence based programs were unable to find the alignment between LeuT and vSGLT, and
a structure based alignment only displayed an 11.5% identity. These findings support
classification of proteins using criteria such as topological arrangement, molecular function
and unique structural features involved in mechanism, rather than solely on the basis of
primary sequence (23).

Galactose-binding site
Galactose analogs modified with electron dense atoms were used to identify the precise
position and orientation of the sugar molecule. Galactose is bound approximately halfway
across the membrane bilayer by specific side-chain interactions from the central helices
TM2E, TM3, TM7E, TM8 and TM11 (Figure 2). The galactose-binding site is sandwiched
between hydrophobic residues that form intracellular and extracellular gates. On the
intracellular side, Y263 from the discontinuous helix TM7E stacks with the pyranose ring, a
common feature seen in all sugar-binding structures to date (24, 25). This primary
interaction, along with the flanking residues Y262 and W264, establishes a gate that
prevents exit of the sugar to the large hydrophilic cavity contiguous with the intracellular
compartment. The extracellular gate is formed by a triad of hydrophobic residues (M73, Y87
and F424) (Figure 2B). Directly above the hydrophobic residues, there are substantial
interactions between TM11, TM3, TM2E, and TM7E with the loops from TM2-TM3, TM8-
TM9 and TM10-11. Taken together, these interactions comprise considerable protein mass
that extends from the substrate-binding site to the extracellular surface, thereby further
blocking access of the sugar-binding region from the extracellular milieu. In the members of
the SSS family that bind sugars, the residues forming the hydrophobic gates are highly
conserved (SFigure1).

All OH-groups of the galactose ring are coordinated through H-bonds (Figure 2C). A
possible H-bond between the carbonyl oxygen of Y87 and the C4-OH of galactose is also
observed. Because Y87 is part of the extracellular hydrophobic gate, this additional H-bond
may have mechanistic implications for galactose binding and stabilization in the central
domain. K294 forms a H-bond with the C2-OH in a coordination similar to that observed in
the glucose/galactose binding protein (PDB: 1GCA) and lactose permease (PDB: 1PV7);
indeed, H-bonding with a positively charged side chain is a common feature of sugar
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binding proteins (24–26). Overall, vSGLT supports the sugar by extensive side-chain
interactions from the central domain and held in an occluded conformation through
intracellular and extracellular hydrophobic gates.

To verify the structural data and understand the functional significance of substrate binding,
residues forming the sugar-binding site were mutated to alanine and galactose transport was
measured in proteoliposomes (Figure 2D). The Q69A, E88A, N260A, K294A and Q428A
mutations did not show Na+-dependent galactose transport. In contrast, the S91A mutant
behaved normally, suggesting that it is not essential for protein function (S91 is not
conserved across different species). Mutants of the corresponding sugar-binding site
residues in SGLT1 (K321A, Q457R and Q457C: SFigure 1A) provide strong support for the
argument that these residues also play an important role in the mammalian transporter (27,
28). The mutant Q457R causes severe glucose-galactose malabsorption in human subjects, a
potentially fatal disease in newborn infants (4). This indicates a conserved role for these
sugar-coordinating residues in protein function across isoforms and species.

Sodium-binding site
Although the Na+ electrochemical gradient is the driving force for symport, Na+/substrate
stoichiometry varies amongst SSS members; for SGLT1 and NIS the stoichiometry is 2:1
(10, 11), while for vSGLT and PutP, it is 1:1 (8, 13). Nevertheless, it is expected that the
mechanisms that couple transport of Na+ and substrate will have commonality within the
SSS family.

As in other transporters, precise localization of the Na+ binding site(s) in vSGLT is not
easily identified due to the similarity in density between Na+ and water. Co-crystallization
was attempted with electron-dense ions (Rb, Cs, and Tl), but none were observed in the
resulting structure. Nonetheless, we were able to identify a plausible Na+-binding site based
on a comparison with the LeuT structure (18), conservation of sequence amongst SSS
proteins and a mutational analysis. Structural alignment with LeuT revealed a possible Na+-
binding site at the intersection of TM2 and TM9, approximately 10Å away from the
substrate-binding site (Figure 3). In this region, the carbonyl oxygens from A62 (TM2E),
I65 (discontinuous segment of TM2) and A361 (TM9) would be appropriately positioned to
coordinate the Na+. An interaction is also possible with the hydroxyl oxygen of S365 of
TM9, a residue conserved throughout the SSS family (SFigure 1). This site has a similar
proximity as well as coordination properties to the second Na+ site proposed for LeuT (18):
Superimposition of the two structures reveals localization of these Na+ sites in the two
protein structures within ~2Å (Figure 3B). Functional studies provide supporting evidence
for Na+ binding in this region. In PutP, a hydroxyl moiety at position T341 is essential for
Na+ binding (29), and studies on NIS have shown that T354 plays a key role in Na+ -
dependent transport of iodide (30). Both of these residues are at equivalent position to S365
on TM9 in vSGLT. Mutation S365A in vSGLT completely abrogated Na+ -dependent
transport (Figure 2D). Unlike LeuT, but consistent with biochemical data, we did not detect
a second Na+ binding site in vSGLT.

The inward facing conformation
vSGLT resides in an inward facing conformation with the galactose-binding site
inaccessible to the extracellular and intracellular compartments (Figure 2). The intracellular
exit pathway appears as a large hydrophilic cavity blocked by the intracellular gate residue
(Y263 on TM7E; Figure 2C). The cavity is formed from the intracellular portions of helices
TM2I, TM3, TM4, TM7I, TM9 and TM11 (Figure 4). This finding is consistent with
accessibility studies on PutP (29). Cysteine scanning mutagenesis on TM2 and TM9 of PutP
reveals a hydrophilic face accessible to bulky sulfhydryl reagents (fluorescein-5-maleimide),
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indicating an aqueous pathway between the site of substrate-binding and the cytoplasm (29,
31). For NIS, five hydroxyl-containing residues (T351, S353, T354, S356, and T357) and
N360 located along one face of TM9 play a key role in Na+/iodide cotransport (30).
Together, these data suggests that the inward-facing conformation of vSGLT hosts a large
cavity exposed to the cytoplasm that requires simple displacement of an intracellular gating
residue (Y263) for release of galactose.

Alternating access
According to kinetic models for Na+/solute symport (8–10) the proteins alternate between
outward and inward facing conformations. Thus, for galactose to enter the vSGLT binding
site from the extracellular side, it must adopt an outward facing conformation. Clues about
this conformation arise from the structure of LeuT (18) which is in an outward-facing
conformation. Given the structural similarity between vSGLT and LeuT, we mapped the
core domain of vSGLT onto that of LeuT using the program MODELLER (32). Comparison
of the two conformations (Figure 4 A & B) in conjunction with biochemical data indicates a
series of specific helical rearrangements and a plausible pathway for Na+ and galactose
entry. Specifically, modeling reveals an external pathway to the substrate-binding site
formed by TM2E, TM3, TM7E, TM11 and helix EL8b in the extracellular loop. External
Na+ binds first (33), presumably at the site identified in Figure 3 and we postulate that
facilitates molecular rearrangements in TM2 to form the substrate-binding site. Galactose
binding will induce the formation of extracellular gate (Y87, F424 and M73) closing the
cavity through bends in TM3 and TM11. These structural rearrangements are facilitated by
conserved glycine and proline residues (TM3 G99 and P104; TM11 P436 and G437).
Consistent with this model, the corresponding helices of LeuT have conserved glycine
residues in the same regions. Further evidence for these structural rearrangements is
corroborated by site-specific fluorescence experiments on vSGLT, hSGLT and PutP (8, 33–
35).

Larger conformational change occurs in the intracellular portions of transmembrane
segments TM3-TM4, TM7-TM8 and TM9-TM10-TM11 to expand the intracellular cavity.
This places the protein in the state represented by our structural data: inward-facing but
blocked by the internal hydrophobic gate (Y263). Although the residency time in the
occluded state is unknown, the protein must next shift conformation to release Na+ and then
galactose by displacing the intracellular gate (i.e. displacement of Y263). Supporting this
mechanism are studies on hSGLT that document a conformational change in the protein
following sugar binding (9), which may be indicative of either occlusion of the external
cavity and/or exposure of the internal cavity.

The structure of vSGLT in an inward facing conformation, along with the structure of the
functional and structural homolog LeuT, provides a model of the conformational changes
underlying the alternating access mechanism. These structural and functional similarities
indicate a common transport mechanism between members of the SSS and NSS gene
families. To expand on this transport mechanism, further structural and functional analyses
are required. Finally, given the functional homology between the bacterial and humans
SGLTs, the vSGLT structure should provide a critical tool in the rational design of SGLT
drugs for the treatment of diabetes.
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Fig. 1.
Structure of vSGLT. (A) Topology. The structure is colored as a rainbow from the N-
terminus (red) to C-terminius (purple). The blue and red trapeziums represent the inverted
topology of TM2-TM6 and TM7-TM11. The grey hexagon with red trim represents the
galactose. Residues involved in sugar recognition, gate residues, and a proposed Na+ site are
shown in cyan, gray, and yellow circles. (B) Structure viewed in the membrane plane. The
coloring scheme and numbering of α helices is the same as in Fig1A. Bound galactose is
shown as black and red spheres for the C and O atoms. The proposed Na+ ion is colored as a
blue sphere. (C) Structure viewed from the intracellular side.
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Fig. 2.
Galactose binding site. (A) Overview of the galactose and proposed Na+-binding site viewed
in the membrane plane maintaining the same color scheme as in Figure 1. (B) Hydrophobic
gate residues (viewed from the extracellular side). The intracellular (Y263) and extracellular
(M73, Y87 and F424) gates are shown as spheres, and the galactose is shown as sticks. (C)
The galactose-binding site (same view as in B), with the extracellular hydrophobic gate
residues removed to view the galactose-binding site. Residues in the galactose-binding site
are displayed as sticks colored by atom type. Hydrogen bonds are depicted as black dashed
lines. (D) D-galactose transport by vSGLT mutants in proteoliposomes. The results are
expressed as % Control of that measured for p3C423 in 100 mM NaCl (~1.2 nmoles min−1

mg−1 protein). Standard error of the mean (SEM) is displayed for each experiment.
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Fig. 3.
The proposed Na+ binding site. (A) Residues in the Na+-binding site are displayed as sticks
colored by atom type, and the helices are colored as in Figure 1. (B) Superposition of the
proposed Na+ site of vSGLT on to the 2nd Na+ site from the LeuT structure (green).
Alignment was performed using only helices 2, and 9 from vSGLT, and the corresponding
helices from LeuT.
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Fig. 4.
Alternating accessibility. (A) Slice through surface of the outward-facing model viewed
from the membrane plane showing the extracellular cavity (blue mesh). (B) Slice through
surface of the inward-facing structure of vSGLT in the membrane plane showing the
intracellular cavity (blue mesh). Helices showing structural rearrangement are colored
orange, green and blue for helices TM3, TM7 and TM11; helices with little movements are
colored white. The surface is shown in beige. Galactose is shown as black and red spheres
for the C and O atoms, respectively. Y263 and the Na+ ion are colored as grey and blue
sphere, respectively.
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