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            Abstract
SWEETs and their prokaryotic homologues are monosaccharide and disaccharide transporters that are present from Archaea to plants and humans1,2,3. SWEETs play crucial roles in cellular sugar efflux processes: that is, in phloem loading4, pollen nutrition5 and nectar secretion6. Their bacterial homologues, which are called SemiSWEETs, are among the smallest known transporters1,3. Here we show that SemiSWEET molecules, which consist of a triple-helix bundle, form symmetrical, parallel dimers, thereby generating the translocation pathway. Two SemiSWEET isoforms were crystallized, one in an apparently open state and one in an occluded state, indicating that SemiSWEETs and SWEETs are transporters that undergo rocking-type movements during the transport cycle. The topology of the triple-helix bundle is similar yet distinct to that of the basic building block of animal and plant major facilitator superfamily (MFS) transporters (for example, GLUTs and SUTs). This finding indicates two possibilities: that SWEETs and MFS transporters evolved from an ancestral triple-helix bundle or that the triple-helix bundle represents convergent evolution. In SemiSWEETs and SWEETs, two triple-helix bundles are arranged in a parallel configuration to produce the 6- and 6Â +Â 1-transmembrane-helix pores, respectively. In the 12-transmembrane-helix MFS transporters, four triple-helix bundles are arranged into an alternating antiparallel configuration, resulting in a much larger 2Â Ã—Â 2 triple-helix bundle forming the pore. Given the similarity of SemiSWEETs and SWEETs to PQ-loop amino acid transporters and to mitochondrial pyruvate carriers (MPCs), the structures characterized here may also be relevant to other transporters in the MtN3 clan7,8,9. The insight gained from the structures of these transporters and from the analysis of mutations of conserved residues will improve the understanding of the transport mechanism, as well as allow comparative studies of the different superfamilies involved in sugar transport and the evolution of transporters in general.
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                    Figure 1: Structure of Vibrio sp. SemiSWEET.[image: ]


Figure 2: Structure of L. biflexa SemiSWEET.[image: ]


Figure 3: Glucose transport by L. biflexa SemiSWEET and A. thaliana SWEET1.[image: ]


Figure 4: Alternating access by the rocking-type movement of two protomers.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Sequence alignment.
The secondary structure is shown above the alignment. Protein sequences were aligned using ClustalW and manually adjusted. The N-terminal part (first THB) and C-terminal part (second THB) of A. thaliana SWEET1 were separately used for alignment and are labelled A. thaliana SWEET1-N and A. thaliana SWEET1-C, respectively.


Extended Data Figure 2 Vibrio sp. SemiSWEET dimer in the crystal.
Crystal packing in the lipid bilayer environment shows the formation of the dimer. One protomer is shown in green, and the other is shown in purple.


Extended Data Figure 3 Subunit stoichiometry of SemiSWEET.
a, Purified Vibrio sp. SemiSWEET (predicted molecular weight, 11.1Â kDa) remains as a dimer after SDSâ€“PAGE. b, Crosslinking of purified B. japonicum SemiSWEET (theoretical molecular weight, 10.1Â kDa) in detergent solution. Increasing amounts of disuccinimidyl suberate (DSS; 0.02Â mM, 0.2Â mM and 2Â mM) were used to crosslink B. japonicum SemiSWEET. The protein was analysed by SDSâ€“PAGE and stained with Coomassie blue.


Extended Data Figure 4 Crystal packing of L. biflexa SemiSWEET.
The crystal lattice structure of L. biflexa SemiSWEET shows dimer formation in the membrane. One protomer is shown in red, and the other is shown in blue.


Extended Data Figure 5 Conserved tryptophan and asparagine residues in A. thaliana SWEET1 are required for transport activity.
a, Functional analysis of A. thaliana SWEET1â€“GFP (green fluorescent protein) fusion transport activity in the EBY4000 yeast strain. The point mutations W56A, N73A, W176A and N192A failed to complement the growth defect of EBY4000 in synthetic medium supplemented with 2% glucose as the only carbon source. Growth was unaffected in control medium containing 2% maltose. An empty vector and A. thaliana SWEET1â€“GFP were used as the negative and positive controls, respectively. bâ€“g, Membrane localization of the wild-type and mutant A. thaliana SWEET1 was confirmed by imaging of GFP. The empty vector negative control (b) shows the cytoplasmic localization of GFP, while the wild-type and W56A, N73A, W176A and N192A mutants (câ€“g) show membrane localization, suggesting that the phenotype of the mutated transporters is not due to mislocalization.


Extended Data Figure 6 Transmembrane-helix arrangements in SWEET, MFS and G-protein-coupled receptor (GPCR) proteins.
Ribbon representations of a three-transmembrane-helix unit in a SWEET (left), a GPCR (centre) and an MFS (right) are shown (top), with their respective topologies (bottom). The same colour scheme is used for all three proteins.


Extended Data Figure 7 Proposed transport model and pathway for building SWEET and MFS transporters.
a, Alternating access model for SemiSWEET transport. One protomer is shown in purple, and the other is shown in green. The putative substrate is shown as an orange hexagon. b, Proposed pathway for constructing SemiSWEET, SWEET or MFS transporters from the primitive THB. The same colour scheme is used for all THBs. The position of TM3 relative to TM1 and TM2 of the THB in SWEET or MFS is illustrated by coloured circles, viewed from the N terminus. Note that the THB in SWEET and the THB in MFS are roughly mirror images of each other.


Extended Data Table 1 Data collection and refinement statisticsFull size table
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        Editorial Summary
SemiSWEET transporters in open and occluded states
There are many similarities between the sugar transporter proteins used by prokaryotes, plants and animals. This paper presents the X-ray crystal structures of two bacterial homologues of the SWEET sugar transporters that are involved in various sugar efflux processes (for example, phloem loading, pollen nutrition, and nectar secretion) in plants in and glucose transport in animals. The overall three-dimensional structures of both proteins â€” SemiSWEET from Vibrio sp. in an outward-facing, open state and Leptospira biflexa SemiSWEET in the occluded state â€” differ markedly from those of the MFS and SGLT sugar transporter superfamilies but all three transporter types feature a triple-helix bundle . Comparisons of the conformations of the open and occluded states of SemiSWEET suggest that transport occurs via a 'rocker-switch' mechanism.
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