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            Abstract
The major facilitator superfamily glucose transporters, exemplified by human GLUT1â€“4, have been central to the study of solute transport. Using lipidic cubic phase crystallization and microfocus X-ray diffraction, we determined the structure of human GLUT3 in complex with d-glucose at 1.5 Ã… resolution in an outward-occluded conformation. The high-resolution structure allows discrimination of both Î±- and Î²-anomers of d-glucose. Two additional structures of GLUT3 bound to the exofacial inhibitor maltose were obtained at 2.6 Ã… in the outward-open and 2.4 Ã… in the outward-occluded states. In all three structures, the ligands are predominantly coordinated by polar residues from the carboxy terminal domain. Conformational transition from outward-open to outward-occluded entails a prominent local rearrangement of the extracellular part of transmembrane segment TM7. Comparison of the outward-facing GLUT3 structures with the inward-open GLUT1 provides insights into the alternating access cycle for GLUTs, whereby the C-terminal domain provides the primary substrate-binding site and the amino-terminal domain undergoes rigid-body rotation with respect to the C-terminal domain. Our studies provide an important framework for the mechanistic and kinetic understanding of GLUTs and shed light on structure-guided ligand design.
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                    Figure 1: Structure of human GLUT3(N43T) bound to d-glucose.[image: ]


Figure 2: Coordination of the Î±- and Î²-d-glucose anomers by GLUT3.[image: ]


Figure 3: Structures of maltose-bound GLUT3 in the outward-open and outward-occluded conformations.[image: ]


Figure 4: Conformational changes between the outward-open and outward-occluded GLUT3.[image: ]


Figure 5: Alternating access of the glucose-binding site in GLUTs.[image: ]


Figure 6: Updated working model of GLUTs.[image: ]
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                Data deposits

                The X-ray crystallographic coordinates and structure factor files of the three human GLUT3 structures have been deposited in the Protein Data Bank (PDB) with the accession codes 4ZW9, 4ZWB, and 4ZWC.
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Extended data figures and tables

Extended Data Figure 1 Chemical structures of the tested monosaccharides, glucose derivatives, and other chemicals in the competition assay.
a, b, The monosaccharides (a) and chemicals (b) that exhibit potent inhibition to the uptake of [2-3H]glucose in the proteoliposome-based counterflow assay are labelled brown. Those having moderate or no inhibition are labelled blue and green, respectively.


Extended Data Figure 2 Protein purification, crystallization and structural determination of GLUT3(N43T) in the presence of d-glucose.
a, A representative chromatogram of the size-exclusion chromatography purification of GLUT3. The peak positions were applied for SDSâ€“PAGE and followed by Coomassie blue staining. b, The crystal of GLUT3 used for X-ray diffraction which led to the final structural determination at 1.5 Ã… resolution. c, A representative image of X-ray diffraction. The inset shows the resolution limit beyond 1.5 Ã… resolution. d, Crystal packing of GLUT3 in the space group of P21. Three perpendicular views are shown. Each GLUT3 is domain-coloured and shown as a ribbon. The bound glucose is shown as a black sphere and the bound lipid molecules are shown as blue sticks. e, Electron densities of three bound monoolein molecules. The 2Fo âˆ’ Fc electron density maps for the bound lipid molecules are contoured at 1.0Ïƒ. f, Positions of the three bound monoolein molecules relative to the protein structure.


Extended Data Figure 3 The intracellular and extracellular gates of GLUT3.
a, The N-terminal, C-terminal and ICH domains interact with each other through an extensive network of direct and water-mediated hydrogen bonds on the intracellular side of the membrane. Water molecules are shown as red spheres. Hydrogen bonds are represented by red dashed lines. b, The polar interactions between the N-terminal and C-terminal domains on the intracellular side. An ICH domain-omitted intracellular view is shown. Note the pseudo two-fold symmetry of the overall structure and the interacting residues (inset on the right). These polar interactions partially constitute the intracellular gate of GLUT3 in the outward-facing conformation. c, Intra-domain interaction of the ICH domain. The polar interactions between helices IC3 and IC5 are shown. d, The intracellular gate of GLUT3 involves the Sugar Porter family (SP)-signature motifs. Sequence alignment of the 14 human GLUTs were performed with ClustalW65. The secondary structural elements and the SP motifs are shown on the top and bottom, respectively. The residues coloured red are the highly conserved residues that constitute the intracellular gate illustrated in panel b. e, The extracellular gate of GLUT3 in the outward-occluded state. An extracellular view is shown. f, g, The polar and hydrophobic residues mediating the lateral interactions of the N-terminal and C-terminal domains.


Extended Data Figure 4 d-glucose coordination by GLUT3.
a, The C-terminal domain provides the primary accommodation site for glucose in GLUT3. The Î±- and Î²-d-glucose anomers are coloured black and silver, respectively. The orange line in the right panel indicates the approximate interface between the N-terminal and C-terminal domains viewed from the extracellular side. Note that the ligand is located closer to the C-terminal domain. b, One monoolein molecule contributes to substrate coordination. The two monoolein molecules bound in the cavity of GLUT3 are coloured silver and light purple. One monoolein molecule mediates indirect hydrogen bonds between C2 and C3 hydroxyl groups of the bound glucose with the side groups of Thr28 and Gln281 of GLUT3. The effect of monoolein on glucose binding and transport has not been characterized.


Extended Data Figure 5 Attempts to obtain the structure of outward-facing GLUTs.
a, Presence of the detergent molecule Î²-NG helped stabilize the inward-open conformation of GLUT132. b, The glucopyranoside of Î²-NG and d-glucose are coordinated similarly by the inward-facing GLUT1 and the outward-facing XylE33, respectively. In both structures, the C4-OH is positioned towards the extracellular side. c, Identification of potential ligands that may stabilize GLUTs in an outward-open conformation. The indicated disaccharides, where the C4-OH of d-glucose is condensed with another hexose, were tested for their abilities to inhibit glucose transport by GLUT1 or GLUT3 in the proteoliposome-based counterflow assay. Control refers to the conditions where no competitor was added.


Extended Data Figure 6 Structure determination of GLUT3 in complex with maltose in the outward-open and outward-occluded conformations.
a, There are two GLUT3 molecules in each asymmetric unit of the outward-open structures. b, The crystal packing of the outward-open GLUT3. c, Structural superimposition of the two molecules in each asymmetric unit of the outward-open GLUT3. The two molecules exhibit nearly identical conformations except for the extracellular loop regions. The focus was on molecule (Mol) A for structural analysis and comparison in the main text. d, The crystal packing of the outward-occluded GLUT3 bound to maltose. There is only one molecule in each asymmetric unit. e, f, The 2Fo âˆ’ Fc electron density maps for the bound maltose in the outward-occluded (e) and outward-open (f) structures of GLUT3, both contoured at 1Ïƒ.


Extended Data Figure 7 Maltose coordination in the outward-open and outward-occluded GLUT3.
a, Coordination of maltose in the outward-occluded GLUT3 structure. Details of the polar interactions of maltose with residues from the N-terminal and C-terminal domains are shown in the insets on the bottom and right, respectively. Hydrogen bonds are represented by brown dashed lines. b, The structure of maltose-bound outward-occluded GLUT3 is nearly identical to that of the glucose-bound GLUT3. The second glucose unit (Glc2) of maltose completely overlaps with d-glucose, which is bound to the outward-occluded GLUT3. c, The bound maltose molecules are positioned similarly in the outward-open and outward-occluded GLUT3. The two structures of GLUT3 are superimposed relative to the C-terminal domain. The outward-open GLUT3 is domain coloured and the outward-occluded structure is coloured pale purple. d, Maltose coordination in the outward-open GLUT3. Note that the coordination of Glc2 by the outward-open GLUT3 is identical to that by the outward-occluded GLUT3, while the polar residues in the N-terminal domain are not involved in the coordination of Glc1 in the outward-open structure.


Extended Data Figure 8 The molecular basis underlying the rigidity and adaptability of the N-terminal and C-terminal domains, respectively.
a, Structural feature of the N-terminal domain of GLUT3. The interior of the N-terminal domain is held through a strip of hydrogen bonds, which may provide the molecular basis for the rigidity of the N-terminal domain during the alternating access cycle. b, The C-terminal domain of GLUT3 has a hydrophobic core, which may allow the adaptability for the intra-domain shifts of the C-terminal domain during the transport cycle. c, Water distribution in the structure of glucose-bound GLUT3. The bound water molecules are shown as red spheres. Identical views are shown for the two panels except that the protein is omitted in the right panel to better illustrate the density of water molecules with respect to the N-terminal, C-terminal and ICH domains.


Extended Data Table 1 Statistics of data collection and refinement of GLUT3 bound to d-glucoseFull size table


Extended Data Table 2 Statistics of data collection and refinement of GLUT3 bound to maltose.Full size table
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This file contains a Supplementary Discussion on the illustration of the intra- and extracellular gates of the outward-occluded GLUT3, our endeavors for structural determination of outward-open GLUTs, and analysis of maltose-coordination by GLUT3 in the two states. Supplementary Figure 1 shows the sequence alignment of 14 human GLUTs. (PDF 1726 kb)


Conformational changes between the outward-open and outward-occluded structures of GLUT3
To better illustrate the conformational changes of the two GLUT3 structures, particularly those of TM7b and TM8, the morph was generated using the two structures of maltose-bound GLUT3 superimposed relative to their C domains. The intermediate morphs were obtained with the multiple-chain morphing script58,59 for Crystallography & NMR System (CNS)60,61. The animations were produced using PyMol. (MOV 10429 kb)


Conformational changes of the glucose-binding site during alternating access cycle
Shown here is the morph generated using the structures of GLUT1 and the glucose-bound GLUT3 superimposed to their C domains. A homology-based structural model of the inward-open GLUT3 was generated based on the structure of GLUT1 using the online SWISS-MODEL workspace62â€“64. The Î±-D-glucose is shown. For visual clarity, TM11 is omitted in the side view. (MOV 11063 kb)


Alternating access cycle of the human GLUTs 
The morph was generated based on the structures of GLUT3 and GLUT1 in the three conformations as shown in Fig. 6a. A homology-based structural model of the inward-open GLUT3 was generated based on the structure of GLUT1. The modeled structure was then overlaid to the superimposed crystal structures of GLUT3 relative to their N domains. Three structures were used to generate the morph from outward-open to outward-occluded to inward-open, whereas the inward- to outward-open morph was generated based on two structures of the inward- and outward-open states. (MOV 12294 kb)
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        Editorial Summary
Human GLUT3 structures
The SLC2 family glucose transporters (GLUTs) facilitate the transport of glucose and other monosaccharides across biological membranes. GLUT3 is known as the 'neuronal glucose transporter' for its primary function in neurons, but it is also required for glucose uptake in sperm, pre-implantation embryos, and circulating white blood cells. The authors solve X-ray crystal structures of human GLUT3 in outward-open and outward-occluded conformations. They also solve a high-resolution structure of this protein in the presence of D-glucose, which reveals how it is able to bind both Î±-D-glucose and Î²-D-glucose. Comparisons of these new structures with a previously published structure of human GLUT1 in a different conformation suggest a model for how this membrane protein rearranges itself during a complete transport cycle. Also in this issue of Nature, Norimichi Nomura et al. present the X-ray crystal structures of GLUT5 from the brown rat in an open, outward-facing conformation and GLUT5 from cattle in an open, inward-facing conformation.
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