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In mammals, glucose transporters (GLUTs) mediate organism-wide sugar

distribution, yet the molecular basis of substrate specificity remains
unclear. The bacterial xylose transporter XylE serves as amodel for GLUTSs.
However, although xylose and glucose bind with a similar affinity, xylose
istransported, but glucose acts as an inhibitor. Here, using saturation
transfer difference (STD) nuclear magnetic resonance (NMR) spectroscopy,
we distinguished transported sugars from sugar inhibitors. Our findings
revealed that only transported sugars generate STD NMR signals, which

are abolished for xylose when XylE is trapped in either outward- or
inward-facing conformations. Engineering the sugar-binding pocket and
gating helix TM7b enabled glucose transport by XylE and corresponding
STDssignals. Using complementary molecular dynamics simulations,
together with structural, biochemical and STD NMR analysis of related
parasiticand mammalian GLUTs, we identified TM7b as a key determinant
of occluded state formation. We conclude that, rather than the initial
substrate-binding event observed in experimental structures, formation of a
substrate-induced transition-state intermediate is the primary determinant
of specificity in transporters.

Sugar porters belonging to the major facilitator superfamily (MFS)
represent one of the largest groups of transporters across all king-
doms of life'. In humans, there are 14 different glucose transporters
(GLUT), which differ in their kinetics, substrate preference and tissue
localization®*. GLUT1, for example, is required for uptake of glucose
into the brain*, whereas GLUT3 is required for the substrate transloca-
tion into neurons®. Other members, such as GLUTS5 (refs. 5,6), do not
transport glucose, but areinstead required for the intestinal absorption
offructose. Incorrect expression and regulation of GLUTs is associated
withanumber of different diseases, in particular cancers and metabolic
disorders®”. Structures of GLUT1 (ref. 8), GLUT3 (ref. 9), GLUT4 (ref. 10),
GLUTS (ref. 11), GLUT7 (ref.12), GLUT9 (ref. 13) and the Escherichia coli
xylose transporter XylE® have been determined”'®. Together with

structures of the more distantly related sugar porters PfHT1 from
Plasmodium falciparum'*° and STP10 from Arabidopsis thaliana®*,
we have a clear molecular basis for glucose coordination and the dif-
ferent conformations undergone during the GLUT cycle (Fig. 1a,b).
Surprisingly, however, despite the wide range of b-glucose binding
affinities” (from 0.007 to 10 mM), sugar coordination has been found
tobe remarkably well conserved in even the most sequence-divergent
members">"'*"°! (Fig. 1b). The high structural conservation of the
sugar binding site implies that there must be other differences outside
this region that define substrate preferences and kineticsin GLUTSs.
The hexose transporter PfHT1 has evolved to transport a wide
range of different sugars®**** and, as such, its structure has proven
to be particularly informative for understanding the molecular
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Fig.1| GLUT transport cycle, sugar porter ligand binding and D-glucose and
D-xylose interactions with XylE. a, The sugar porter transporter cycle has six
major conformations during the transition from outward-open to inward-open.
The occluded state has been observed only in the malarial transporter PHT1
andis likely to be transient in GLUT proteins. b, Sugar binding site comparison
between human GLUT3 (PDB 4ZWB), plant STP10 (PDB 7AAQ), E. coli XylE
(PDB4GBZ) and P. falciparum PfHT1(PDB 6RW3), with the respective bound
carbohydrates shown as sticks, and their C1-hydroxyls accentuated as spheres
for reference and TM7a-b and TM10a-b colored yellow and cyan, respectively,
and protein as cartoon (TM1, TM2 and TM4 omitted for clarity). Although
GLUT3 (Ky = 1.3 mM)*and STP10 (K,, = 0.007 mM)*° transport D-glucose,
PfHT1 (K, = 0.9 mM)* can transport many different sugars in addition to D-
glucose, whereas XylE cannot transport D-glucose’, but binds it with the same
affinity asits preferred substrate D-xylose. All residues hydrogen bonding to
D-glucose (shown as sticks) are identical apart from a TM10aresidue (Ala404
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in PfHT1), whichin GLUT3is a glutamate. Most residues in the N-terminal
bundle surrounding the D-glucose, but not binding, are highly conserved (not
shown). ¢, The sugar binding site and coordination of D-glucose in the outward-
occluded crystal structure of XylE (PDB4GBZ), shown asinb, and insert of the
overlapping D-xylose and D-glucose (sticks, colored teal and slate, respectively)
binding poses. d, The sugar binding site and coordination of D-xylose in the
outward-occluded crystal structure of XylE (PDB 4GBY), where the interactions
are very similar compared with those in c. Figure shown as inb. e, Top: D-xylose
(500 pM) STD (red) and 'H spectra (black) in presence of Xyl[E-GFP reconstituted
into liposomes. Bottom: as above for D-glucose. f, Left: normalized STD effects
observed following addition of either D-xylose or D-glucose (500 puM) to XylE-
GFP reconstituted in liposomes made from E. coli versus bovine brain-fraction-
seven lipids. Right: uptake of *H-D-xylose or “*C-D-glucose by WT XylE-GFP in
proteoliposomes. Error bars: mean + s.e.m. of n =3 independent experiments.
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determinants for sugar specificity”. More specifically, P/HT1 has
acquired the ability to transport both D-glucose and D-fructose sug-
ars with similar kinetics (K),) as the dedicated high-affinity D-glucose
(GLUT3) and D-fructose (GLUTS5) transporters, respectively>>>*,
Although the coordination of D-glucose in PfHT1 was found to be
almost identical to that of GLUT3 (refs. 19,20) Fig. 1b, the occluded
structure of PfHT1revealed that the extracellular gate TM7b that
connects D-glucose binding with outside-facing occlusion closes off
the sugar-binding pocket completely (Fig. 1a). Principle component
analysis' and molecular dynamic (MD) simulations® confirmed that
this state represents an occluded conformation. Although this state
is expected to be unstable in GLUTS5 and other GLUT proteins, the
PfHTI1 protein has an unusual extracellular TM7b gate that is more
polar®. Pointedly, two highly conserved tyrosine residuesin TM7b of
GLUT proteins arereplaced in P/AHT1with the polar residues serine and
asparagine' and MD simulations show that this difference enables the
extracellular gate to close spontaneously more easily”. PfHT1 muta-
tions of TM7b gating residues and residuesin TM1that interacted with
TM7b were found to be just as critical to transport as residues coor-
dinating D-glucose directly”. Interestingly, the mutation of several
TM7b gating residues shifted the substrate preference of PHT1 from
D-glucose towards D-fructose”. It seems that PHT1 has not evolved
the sugar binding site to transport many sugars, butinstead adapted
its interplay with the TM7b gate. Simplistically, P/HT1is thought to
belessselectivein which sugars are transported because TM7b shuts
more easily. This allostery-driven transport model is consistent with
forward-evolution screens of hexose transporters in yeast, wherein
single-point mutationsinthe TM7b gate were uncovered that shifted
the preference of transporting D-glucose towards to D-xylose?*”. In
contrast, no single-point mutations in the sugar-binding site with
shifted substrate specificity were uncovered.

Although the importance of the extracellular gate TM7b seems
clear, akey open question remainingis the couplingbetween TM7b and
thebinding and transport of different sugars. To answer this question,
we need tobe able to assess sugar binding as well as transport, but this
has not been routinely possible for GLUTs due to the (weak) affinities
forsugars, which are inthe millimolar range. It is well known that lipids
arealso critical for GLUT transport function®®? and thus we would ide-
allywanttoassess bindinginamembranebilayer. Here, using purified
XylE, PfHT1and mammalian GLUTS5 sugar transporters reconstituted
into liposomes, we have probed the interaction of different sugars by
saturation transfer difference (STD) nuclear magnetic resonance (NMR)
atroom temperature. Furthermore, we carried out MD simulations and
determined the crystal and cryo-EM structures of PfHT1in complex
with the fructose analog 2,5-anhydro-D-mannitol (2,5-AHM). Our com-
bined data support a two-step model for transport catalysis wherein,
upon conformational selection of the sugar, the extracellular gate
TM7bbecomes stabilized in an outward-occluded state thatincreases
the probability of the sugar catalyzing an induced-fit to the occluded
state and, in doing so, promotes bundle isomerization and transport.

Results and discussion

Establishing STD NMR for probing sugar binding to XylE
proteoliposomes

TheE. coliXylE transporter has evolved to transport D-xylose, whereas
D-glucose acts as a competitive inhibitor®°. The reason for D-glucose
inhibitionis unclear as, according toisothermal-titration calorimetry
(ITC), the binding affinities for D-xylose and D-glucose are similar at
0.35mMand 0.77 mM, respectively'**". Further, X-ray structures show
that both sugars stabilize a substrate-induced outward-occluded con-
formation (Fig. 1c,d). In fact, the difference between substrates and
inhibitors poses a fundamental question in transport biology in gen-
eral”and probably involves acomprehension of how occluded states
areformed. Unfortunately, this state is particularly difficult to capture
experimentally and is thus poorly understood.

To assess sugar binding to XylE in liposomes, we decided to use
STD NMR, which has been used previously to examine how ligands
interact with membrane proteins in dynamic environments®**, Essen-
tially, substrate protons that are in close proximity with the protein
will receive a higher degree of saturation and thus produce STD NMR
signals, whereas protons thatinteract only transiently will not give rise
to STD NMR signals®. As only the substrate protons are monitored™®,
no labeling of the protein is required and this NMR technique is also
compatible with lipid mimetics. Despite these strengths, STD NMR
has been used only a few times to monitor ligand-membrane protein
interactions in liposomes®**°. However, monitoring sugar-protein
interactionsinamembranebilayer rather thanin detergentis crucial,
as the lipid composition has a large impact on sugar transport rates®
and is therefore likely to influence the energetic barriers between
outward-facing and inward-facing states”. Using the rapid-dilution
method we have found that the protein reconstitution efficiency of
sugar transporters into liposomes remains similar between different
preparations® and by working with purified green fluorescent protein
(GFP) fusions we further ensured the final substrate-to-protein ratio
was kept constant by adjusting the amount of proteoliposomes based
on GFP fluorescence (Methods). For similar reasons, GFP fusions were
also used for all transport activity measurements.

After optimization, the STD spectrum was of sufficient intensity
to resolve most of the nondeuterated hydrogens of D-xylose binding
to XylE incorporated into liposomes (Fig. 1e, Supplementary Table 1,
Extended Data Fig.1aand Methods). From these spectra, we were able
to calculate the degree of saturation transfer from protein to sugar
protons. As the degree of saturation transfer is proportional to the
distance of the sugar proton(s) to the protein, we could establish that
most protons in D-xylose contribute to the binding to XylIE (Fig. le,f).
Unexpectedly, STD NMR signals for D-glucose addition to XylE were
very low (Fig. 1e,f and Supplementary Table 1). The low intensity STD
NMR signal for D-glucose indicated that the method might produce
signals specific to transported sugars. Consistent with this ration-
ale, we observed higher STD NMR signals for D-xylose when XyIE was
reconstituted into liposomes made from E. coli lipids rather than
brain lipids, in agreement with the observation that XylE has higher
transportactivity in the E. coli-specific lipid composition® (Fig. 1fand
Supplementary Table 1). We then confirmed that empty liposomes
produced no STD NMR signals and that the addition of 50-fold excess
D-glucose abolished the STD signal for D-xylose when added to the
same proteoliposome preparation (Extended DataFig. 1b,c).

We hypothesized that perhaps only transported sugars gave rise
to STD NMR signals. To test our hypothesis, we used mutagenesis to
lock XylE in either the outward- or the inward-facing conformations.
For outward-facinglocking, residues L315 and G58 were substituted to
tryptophan (XylE-WW), as this variant was shown previously to stabilize
anoutward-occluded conformation® (Fig. 2a, Extended Data Fig.1aand
Supplementary Table 1). Analysis by ITC had shown that the Xyl[E-WW
variant retained D-xylose binding with an affinity around fourfold
higher than that of wild type (WT)* (K;=0.08 mM). To lock the
inward-facing state, residues V35 and E302 were substituted with
cysteines (XylE-CC), enabling the formation of a disulfide bond under
oxidizing conditions (Fig. 2b and Extended Data Fig. 1a). In the XylE-CC
variant, D-xylose binds with an affinity (K, = 0.63 mM) around twofold
lower than that of WT?'. As expected, purified Xyl[E-WW was well-folded
and showed no uptake of *H-D-xylose, whereas the XylE-CC variant
showed transport activity only under reducing conditions (Fig. 2a,b,
Extended Data Fig. 1a and Supplementary Table 1). We repeated the
STD NMR analysis on the XylE-WW and XyIE-CC (oxidized) and XylE-CC
(reduced) variants. AsshowninFig.2a,b and Supplementary Table1the
D-xylose STD NMR signals for XylE-WW were now almost completely
abolished and the XylE-CC (oxidized) variant showed a 75% reduc-
tion of the WT STD NMR signal; we interpret the remaining response
as the inability to either fully form or retain disulfide-trapped XyIE
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Fig. 2| Only transported sugars produce STD NMRssignals. a, Left: schematic of
transporter states for the XylE double tryptophan mutant locked in the outward-
facing state and 'H and STD spectra. Right: transport data and normalized STD
effects. Error bars: mean = s.e.m. of n = 6 independent experiments. b, Left:
schematic of transporter states for XylE double cysteine mutant locked in
inward-facing state under oxidizing conditions with 'H and STD spectra. Right:
transport and normalized STD effects per mutant under reducing and oxidizing
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conditions. WT data are reused as reference froma. ¢, Left: schematic of first
half of the transport cycle for the XylE mutant Q1751 and L297F capable of
transporting both D-glucose or D-xylose with respective 'Hand STD spectra for
D-glucose (middle) and D-xylose (bottom). Right: transport and normalized STD
effects for D-glucose (top) and D-xylose (below). Error bars: mean + s.e.m.of n=6
independent experiments.

over the 18-h measuring timeframe of the NMR experiments at room
temperature (Methods).

Based on differences between a GLUT1 homology model and the
XylE crystal structure, Q1751 and L297F variants in XylE were identified

previously as enabling weak D-glucose transport®®. The TM5 residue
Q175 in XylE forms an additional hydrogen bond to the C6-OH of
D-glucose and in GLUTs the corresponding residues is an isoleucine
(Fig. 1c). Consistent with previous analysis, the Q175 variant shows a
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independent experiments ¢, D-Xylose (teal, sticks) and coordinating residues
(sticks) in the frequently populated clusters (for example, with more than
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for clarity colored as in Fig. 1b). The Ol atom of D-xylose is shown accentuated by
red spheres for reference. d, D-Glucose (blue, sticks) and coordinating residues
(sticks) inthe frequently populated clusters in five 1-ps-long simulations of the
D-glucose-bound structure shown asin c. e,f, Extracellular gate distances over
time and the resulting probability density for each of the five repeats for
D-xylose (e) and D-glucose (f). g, Comparison between the probability density of
extracellular gate distances with D-xylose for frames in which the sugar occupies
the pose resolved in the published structure (blue) and any other pose (yellow).
h, Asingbut for D-glucose.

WT-like D-xylose transport, yet was still unable to transport D-glucose
(Extended Data Fig. 1d). The residue L297 was previously modeled
to be located peripheral to the sugar-binding site®®, but the corre-
spondingresidue has since shown to be positioned in the gating helix
TM7b". In GLUT1-4 members, L297 corresponds to a phenylalanine,
and recent coevolution analysis predicts an encouraged contact

between this TM7b residue and TM1 in forming the occluded confor-
mation®. The mutation of L297 to phenylalanine abolished D-xylose
transport and likewise showed no ability to transport D-glucose
(Extended Data Fig. 1d). In contrast to single-point mutations, com-
bining the Q175I and L297F mutations enabled D-glucose transport
in our optimized proteoliposome assay*®, almost as efficiently as the
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Fig.4|D-Glucose versus 2,5-AHM coupling in P/HT1. a, Left: STD-derived
epitope mapping of the PHT1:D-glucose proton interaction degree is shown on
the structure of D-glucose by color from the highest (red) to lowest (beige). The
STD/off-resonance ratio of the H2 B-proton, which was the highest value of all
protons, was set as 100% for the normalization of the other proton resonance
intensities. Right: STD (red) and 'H spectra (black) of D-glucose (500 uM) in the
presence of PHT1-GFP reconstituted into liposomes. The spectral region of
the H1 protonis not shown for clarity. b, Left: structures of D-fructofuranose
(top) and 2,5-AHM (bottom) with protons producing STD signals shown on

red background. Right: corresponding STD (red) and 'H spectra (black) in the
presence of PHT1-GFP reconstituted into liposomes. ¢, Sugar binding site in

the crystal structure of PHT1in complex with the sugar 2,5-AHM (left) and in
comparison the coordination of D-glucose (right), determined previously (PDB
6RW3); sugar binding site residues and ligands are shown as sticks, hydrogen
bondinteractionsindicated by dashed lines and protein as cartoon (as in Fig. 1b).
Insert shows the overlapping binding position of these carbohydrates following
superimposition of the two structures.

WT levels for D-xylose (Fig. 2c). Consistently, STD NMR signals were
now detectable for both D-glucose and D-xylose sugars, respectively
(Fig. 2c and Supplementary Table 1). Thus, we can conclude that STD
NMRssignals are detected only for sugar-protein pairings culminating
in substrate transport. Our analysis further confirms the importance
of the allosteric coupling between sugar binding and TM7b gating.
Although the affinity of XylE for D-glucose and D-xylose were
reported tobesimilarbybothITC* andsolid-supported-membrane-based
electrophysiology*’, the absence of STD NMR signals from D-glucose
could alsobe explained withamuch higher binding affinity for the tested
substrate-transporter pairings. Albeit unlikely, we resolved to rule out
thisinterpretation. Wereasoned that the most straightforward analysis
would be to measure the comparative competition of >H-D-xylose uptake
by externally added cold D-xylose versus D-glucose sugars. Asshownin
Fig. 3a, we could confirm that D-glucose was clearly no better at com-
peting for *H-D-xylose uptake than unlabeled D-xylose, with estimated
half-maximalinhibitory concentration (IC,) values of 1.1and 0.73 mM,
respectively. We likewise confirmed that competition of D-glucose for

C-D-glucose uptake by the Q1751/L297F variant was similar to WT with
anlCs,0f 0.83 mM (Fig. 3b).

To explain why only sugar-protein pairings enabling transport
produce STD NMR signals, we carried out equilibrium-based MD
simulations of the D-xylose and D-glucose-bound outward-occluded
WT structures (Methods). Despite extensive hydrogen bond interac-
tions between the sugar and binding site residues, both D-xylose and
D-glucose sugars were, on average, highly mobile in the sugar-binding
pocket (Fig.3c,d). Across 5 x 1-us MD simulations of the D-xylose-bound
XylE crystal structure™, in only one of the five repeated MD simulations
(MD4) was D-xylose bound stably for most of the simulation time (823
out of 1,000 total frames; Fig. 3e and Supplementary Videos 1and 2).
In contrast, D-glucose was more mobile and the longest stably bound
state was observed for only ~60% of the simulation time (Fig. 3f and
Supplementary Video 3). Following TM7b gating by the degree of extra-
cellular gate closure we found that, in two simulations where D-xylose
was bound stably for a longer period of time (MD1 and MD4), TM7b
was retained in a closed state (Fig. 3e and Extended Data Fig. 2a,b).
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Alternatively, in one of the MD simulations (MDS5) the D-xylose sugar
exited quickly (Extended DataFig. 2a). Essentially, we observed acou-
plingbetween the D-xylose beingbound for alonger timeinthe starting
pose (that is, the position in the structure) and the occlusion of the
extracellular gate (Fig. 3g). In contrast, in the 5 x 1-pus MD simulations
of the D-glucose-bound XylE structure', the TM7b gate for D-glucose
retained an outward-occluded conformation, whereas the degree of
tumbling showed no clear correlation with the gate closure (Fig. 3f,h
and Extended DataFig. 2c,d).

MD simulations suggest that, although D-xylose is sometimes able
to shift the population towards an occluded state, D-glucose was able
to retain only an outward-occluded conformation, consistent with a
possible explanation of its inhibitory mode of action. Similar results
areobtained in MD simulations of outward-occluded GLUT3, where the
protein also showed a flexible TM7b gate and the sugar similarly tum-
blesarounditsincrystallo observed position (Extended Data Fig. 3a-d).
Similar to XylE with D-xylose, the most closed position of TM7b in
human GLUT3 was associated with the longest stable coordination
of D-glucose (Extended Data Fig. 3b). Rather than different substrate
affinities, we conclude that poor STD NMR signals are the result of
glucose failing to stabilize an occluded conformation in XylE, hence
notallowingalongenoughinteractiontime with coordinating residues
for sugar protons to achieve sufficient magnetization transfer. Thus,
we suggest that the difference between transported sugars and sugar
inhibitorsliesin their ability to conformationally stabilize and induce
atransition to the occluded state, thus obtaining the strongest coor-
dination for the sugar and, thereby, receiving the saturation required
for producing STD NMR signals.

Sugar coupling between D-glucose and D-fructose sugars
Having concluded that STD NMR can detect only the interaction with
transported substrates, we moved our attention to P/HT]1, trying to dis-
sectandlearnfromitsability to transport many different sugars. Similar
to D-xylose binding to XylE, the STD NMR spectrum for D-glucose bind-
ingto PfHT1in liposomes was allowed us to distinguish all the nondeu-
terated hydrogens in D-glucose individually, except for proton peaks
overlappingwith the solvent peak (Fig.4a and Extended DataFig.4a,b).
The epitope mapping shows that the H2, H3 and H4 protons interact
morewith PfHT1thanthe H1,H5and H6 protons. This analysis is consist-
entwith the observation that the -OH group orientationin the C3 and
C4 positionis the most critical for D-glucose coordination>**>, The STD
NMR analysisis further consistent with the hydrogenbonding distance
between the hydroxyl protonsin D-glucose and the sugar coordinating
side chains. Thus, STD NMR analysis supports the side-chain coordina-
tion of D-glucose seenin crystal structures of P/HT1determined under
cryogenic conditions in the occluded state.

We continued the STD NMR analysis of PfHT1 with D-fructose.
Although PfHTI1 in the presence of D-fructose showed the same
degree of saturation transfer asin the presence of D-glucose, we could
observe STD signals arising only from the C3 and C4 protons (Fig. 4b
and Supplementary Table 2). The STD NMR spectra produced exclu-
sively the 'H NMR for D-fructofuranose, which comprises only ~29%
of the equilibrium mixtures of possible D-fructose tautomers*. This
observation is consistent with transport assays that PfHT1 prefers
the furanose form of D-fructose*. To assess whether sugar porters
prefer D-fructofuranosein general, we repeated the STD NMR analysis
for rat GLUTS5 embedded into liposomes (Extended Data Fig. 4c and
Supplementary Table 2). Like PfHT1, proton spectra were observed
only from the D-fructofuranose sugar.

To provide additional evidence for the preference of
D-fructofuranose, we remeasured binding to P/HT1with the D-fructose
analog 2,5-AHM, whichis almostidentical to D-fructose, but is devoid
of the C2-hydroxyl group, and exists only in the furanose form (Fig. 4b).
STD NMR experiments showed improved signals of 2,5-AHM to PfHT1
as compared to D-fructose, with difference spectra now apparent for

Table 1| X-ray data collection and refinement statistics

PfHT1_2,5-AHM
(PDB 9HKK)
Data collection
Space group P1211

Cell dimensions

a,b,c(A) 123.92, 70.75, 181.36

a, B,y () 90, 107.06, 90
Resolution (A) 25.33-3.55 (3.68-3.55)°
Rinerge 0.3355 (3.016)
Mean |/ ol 5.02 (0.73)
CC1/2 0.976 (0.276)
cc* 0.994 (0.658)
Completeness (%) 98.69 (98.20)
Redundancy 6.5 (6.8)
Refinement
Resolution (A) 25.33-3.55
No. of reflections 36,417
Ruorkd Riree 0.234/0.276
No. of atoms

Protein 15,321

Ligand/ion 806

Water 20
B factors (A%

Protein 138.6

Ligand/ion 129.6

Water 727
R.m.s. deviations

Bond lengths (A) 0.003

Bond angles (°) 0.69
Ramachandran plot

Favored (%) 96.6

Allowed (%) 3.21

Disallowed (%) 0.21

*Values in parentheses are for highest-resolution shell.

allnondeuterated hydrogens (Fig. 4b and Supplementary Table 2). The
H3 and H4 protons gave the largest difference spectraand suggests that
2,5-AHM and D-fructose will be coordinated in asimilar orientation to
D-glucose. Indeed, biochemical analyses indicate D-fructose will be
transported by GLUT5 with the C1-OH group facing the endofacial
direction as in D-glucose, as substituents to D-fructose were better
tolerated when added to the C6-OH position***,

Until now, structures of GLUTs have been obtained only in com-
plex with one substrate sugar, mostly glucose**"'*"**, Guided by the
STD NMR analysis, we were able to determine the crystal structure of
PfHTLin complexwith2,5-AHMto 3.5 A resolution (Table1and Fig. 4c).
Similar to the D-glucose-bound PfHT1 structure'®, PfHT1 crystallized
as a dimer with four molecules present in the asymmetric unit. The
PfHT1 structure was obtained in an overall similar conformation to
thatseen previously. The sugar coordinating residues were positioned
similarly to the D-glucose-bound structure, but now there was addi-
tional electron density matching 2,5-AHM (Extended Data Fig. 4d).
The C3- and C4-hydroxyl groups of 2,5-AHM formed hydrogen bonds
to N311residue as in the D-glucose complex, whereas the ring oxygen

Nature Structural & Molecular Biology


http://www.nature.com/nsmb
https://doi.org/10.2210/pdb9HKK/pdb

Article

https://doi.org/10.1038/s41594-026-01784-w

a PfHTI

mm p-glucose STD NMR — 2,5-AHM STD NMR

o p-glucose transport  2,5-AHM transport

200 - 200
=2
5 )
o
£ 150 | I 150 n3_>
[ N
g 3
(2]
S 100 g o F10 g
b} «Q
N g
s =
E 50 Lso 3
o (] e 7]
=z o 'g
-
Lo

P I S U
S
S

&

¢
O
Q\b‘

PFHT12,5-AHM (cryo-EM versus X-ray)  d

Occluded

Inward-occluded

Fig. 5| Sugar-coupling analysis of P/AHT1and rat GLUTS5. a, Normalized STD
effects and transport activity of sugar binding residue mutants of PfHT1in the
presence of D-glucose or 2,5-AHM. Bars: STD effects; circles: percentage of

sugar transport compared to WT for D-glucose and 2,5-AHM, with previously
determined values (asterisk, as reported inref. 19). b, Left: surface representation
cross-section of the 2,5-AHM bound fully occluded (wheat) X-ray structure of
PfHT1. Right: surface representation cross-section of the 2,5-AHM bound inward-
occluded (blue) structure of P/HT1 obtained by cryo-EM. Ligand shown as sticks.
¢, Left: binding site in the cryo-EM structure of PfHT1in complex with 2,5-AHM
(blue sticks) in the inward-occluded conformation. Right: comparison of the 2,5-
AHM coordination between the fully occluded PfHT1 X-ray structure (2,5-AHM as
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pink sticks, interacting residues and helices as cyan, yellow and gray) to inward-
occluded cryo-EM complex (shown as on left). Hydrogen bond interactions are
indicated by dashed lines. d, Overall structural comparison of the P/HT12,5-AHM
complexes in the fully occluded and inward-occluded states colored asin c. Upon
inner gate open/closing the substrate would be displaced vertically by -2 A. e, The
gating residues in the 2,5-AHM X-ray complex structure of PfHT1 (yellow sticks,
with protein and ligand shown as in ¢) compared to GLUTS. Right: comparison
withrat GLUTS5 (green) (PDB 4YBQ). f, Normalized STD effects for WT and
mutants of rat GLUT5 in the presence of D-fructose; bars: STD effect values,
circles: percentage of sugar transport compared to WT, with values determined
previously (asterisks) taken from ref. 25 or as shown in Extended Data Fig. 7b.

andthe C1-OH group hydrogen bonded to Q169 and W412, respectively
(Fig. 4c). Withthe absence of an OH group at the C2 position, the resi-
due Q305 wasnotrequired for hydrogen bond formation with2,5-AHM;
the Q305 residue is, however, required for D-glucose and D-fructose
coordination (Fig.4c). Nevertheless, as 2-deoxyglucose and D-glucose
have similar kinetics in GLUT1and GLUT3 transporters? coordination

atthe C2-OH position could be considered flexible. The residue W412 is
the onlyside chainforming a hydrogenbondinteraction to the C1-OH
group of 2,5-AHM and the structure thus explains why its substitution
to alanine selectively abolished D-fructose transport™. In contrast, in
an W412A variant, D-glucose could still be coordinated at the C1-OH
position by Q169 and Q305 residues (Fig. 4c).
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Table 2 | Cryo-EM data collection, refinement and
validation statistics

PfHT1_2,5-AHM
(EMDB-54787)

(PDB 9SDL)

Data collection and processing
Magnification 130,000
Voltage (kV) 300
Electron exposure (e /A% 62.3
Defocus range (um) 2.0-0.6
Pixel size (A) 0.65
Symmetry imposed C2
Initial particle images (no.) 5,741,311
Final particle images (no.) 300,678
Map resolution (A) 242

FSC threshold 0143
Map resolution range (A) 21-4.2
Refinement
Initial model used (PDB code) 6RW3
Model resolution (A) 26

FSC threshold 0.5
Model composition

Non-hydrogen atoms 7604

Protein residues 956

Ligands 2
B factors (A%

Protein 76.72

Ligand 66.07
R.m.s. deviations

Bond lengths (A) 0.003

Bond angles (°) 0.430
Validation

MolProbity score 1.59

Clashscore 2.59

Poor rotamers (%) 0.47
Ramachandran plot

Favored (%) 97.48

Allowed (%) 2.52

Disallowed (%) 0.0

Togainadeeper understanding of the D-glucose versus D-fructose
recognition by PfHT1, we analyzed the STD NMR signals for sev-
eral sugar-binding site variants (Extended Data Figs. 4a,b and 5a).
Alanine substitutions of the sugar coordinating residues Q306,
N311 and N341 all showed low intensity STD NMR signals (Fig. 5a and
Supplementary Table 2), consistent with transport assays that have dem-
onstrated that these variants abolished D-glucose and D-fructose trans-
port”. STD NMR signals of the Q305A variant showed WT-like binding
for2,5-AHM, although this mutant showed poor D-fructose transport®.
However, the crystal structure of 2,5-AHM is consistent with this STD
NMR analysis, as the Q305 residue does not form aninteraction with the
sugar 2,5-AHM (Fig. 4¢). Previously, the PfHT1residue A404 was mutated
to glutamate to match the glucose-specific isoform GLUT3 (ref. 9),
andthe tryptophan residue W412 was mutated to alanine to match the

fructose-specificisoform GLUTS (ref. 11). Contrary to expectation, but
consistent with proteoliposome assays and the crystal structure', the
W412A variant diminished STD NMR signals for 2,5-AHM more than for
D-glucose, whereas the A404E variant showed diminished STD NMR
signals only for D-glucose (Fig. 5a and Supplementary Table 2). Taken
together, the STD NMR analysis is consistent with the transport analysis
of sugar binding site mutations and the coordination of D-fructose and
D-glucose sugars observed in the crystal structures.

Cryo-EM structure of PAHT1 with 2,5-AHM provides structural
evidence for two-step mechanism of sugar transport

Until now, only the plant sugar porter STP10 has been captured in more
than one substrate-bound conformation** (Extended Data Fig. 5b).
Using cryo electron microscopy (cryo-EM), we further determined
the structure of P/HT1in MSP1E2 nanodiscs—using synthetic lipids
retaining transportactivity’*—in complex with 2,5-AHM to animproved
overall resolution of 2.4 A (Extended Data Fig. 6a and Table 2). Struc-
ture determination was facilitated by the retention of a stable PfHT1
homodimer, in which the dimer interface was formed by interactions
between the N-terminal bundles and also contained well-defined den-
sities for lipids, Extended Data Fig. 6a. Under these conditions, the
dominant population of P/HT1is an inward-occluded conformation
(Fig.5b).Map density unambiguously supported the modeled position
of2,5-AHM, consistent with the occluded PfHT1 crystal structure (Fig. 5¢
and Extended Data Fig. 6b,c). Strikingly, although the hydrogen bond-
ing geometry of N311, N341and Q169 is essentially unchanged relative
totheoccludedstate, the residue W412in TM10b s positioned -7 A from
the C1-OH group and does not interact with the substrate (Fig. 5c). In
the previously described occluded structure, W412 hydrogen bonds
to the C1-OH. Thus, although TM10b has rotated inwards, it has not
completed the conformational closure to that observed in the fully
occluded PfHT1 crystal structure (Fig. 5¢).

Because this coordination was unexpected, we re-examined all
available substrate-bound sugar-porter structures. Few such structures
exist and, aside from occluded PfHT1, most also have been obtained
with an additional lipid or detergent molecule interacting with the
TM7b or TM10b gating helices (Extended Data Fig. 5b). A notable
exceptionis the recentinward-occluded cryo-EM structure of human
GLUT9 with urate bound™* that was also determined without addi-
tional coligands, and the position of urate parallels closely that of
2,5-AHM in PfHT1 (Extended Data Fig. 6d). In both cases, the sugar is
coordinated only partially inthe inward-occluded state. Likewise, the
binding pose of 2,5-AHM resembles closely that of the glucoside in
the GLUT1crystal structure with n-nonyl-p-D-glucopyranoside (3-NG;
Extended Data Fig. 6d), where the detergent tail probably prevented
fullinward closure of TM10b and thereby hinders the glucoside moiety
frominteracting with the tryptophan equivalentto W412 (ref. 8). Taken
together, structural comparisons, STD NMR analysis and transport
assays confirming the essential role of W412 in 2,5-AHM recognition,
indicates that the sugar occupies a suboptimal binding pose in the
inward-occluded state of PfHT1.

Adetailed comparison of the inward-occluded and fully occluded
structures shows that 2,5-AHM is displaced -2 A vertically (Fig. 5¢,d
and Supplementary Videos 4 and 5). In the occluded state, interac-
tion with all hydroxyl groups of 2,5-AHM is accompanied by a con-
traction of the sugar-binding pocket relative to the inward-occluded
conformation (Fig. 5b). Together with the STD NMR analysis, the
inward-occluded cryo-EM structure of PfHT1 suggests that partially
occluded states are only long-lived initial modes of sugar coordina-
tion—stabilized either by low temperatures or by additional interac-
tions of coligands involving the gating helices. We therefore conclude
that these states represent early binding poses, rather than the fully
transport-competent conformation.

In these partially occluded states, what determines whether
the sugar is to be translocated? The asparagine TM7b residue
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Fig. 6 | Schematicillustrating a conformational selection-fit model for
sugar transport, whereby the binding of a substrate sugar stabilizes the
occluded state, which can already be populated spontaneously in the
absence of sugar, albeit less frequently. Structures representing the different
states correspond to previously resolved structures: outward-open GLUT3
(PDB 5C65), outward-occluded XylE (PDB 4GCO), occluded PfHT1(PDB 6RW3),
inward-occluded XylE (PDB 4JA3) and inward-open XylE (PDB 4QIQ)°. The
free-energy diagram was based on thermodynamic measurements of GLUT1
(ref. 48). out, outward; in, inward; AG, change in free energy. C, conformation;
S, substrate; T, transition.

corresponding to N311 in P/HT1 and N293 in rat GLUTS5 is conserved
acrossallsugar porters,and hasbeen proposed asakey interaction that
couplessugar coordination with TM7b gate closure’. Inboth the PfHT1
crystal and cryo-EM structures, 2,5-AHM interacts with N311 Fig. 4c.
Q306initially interacts with the C3-OH group in the inward-occluded
state and then shifts to stabiles aninteraction with N311in the occluded
state instead. On the other hand, N311 forms more extensive inter-
actions by interacting with both the C3-OH and C4-OH groups in
the occluded state. In rat GLUT5 MD simulations, the correspond-
ing asparagine residue formed a stable interaction with D-fructose®.
Consistently, N311A and N293A variants in TM7b of P/HT1 and rat
GLUTS5 abolished transport and severely diminished the STD NMR
signals (Fig.5a,e,f, Extended DataFig. 7aand Supplementary Table 2).
Gate closure by TM7b isinfluenced by residues along its entire length
and it was shown previously that the mutation of most TM7b resi-
dues to alanine abolished PfHT1 and GLUTS5 activity'** (Fig. 5e,f and
Extended Data Fig. 7a). The XylE residue L297 is a phenylalanine in
GLUT1-4, a tyrosine in GLUT5 and valine in PfHT1. Whereas a V314Y
variantin P/HT1to match GLUTS severely affected both D-glucose and
D-fructose transport and STD NMR signals (Fig. 5a), a Y296F variant
in GLUTS5 showed similar D-fructose transport activity as wildtype
(Fig. 5f and Supplementary Table 2). Although we now have a clearer
role of the allosteric coupling by TM7b gate closure, amore exhaustive
mutagenesis, and perhaps the investigation of more diffuse properties
such as overall protein dynamics®, will probably be needed to fully
shift sugar preferences.

Conclusion

Sugar transporters have to catalyze the fast flux of sugars at physi-
ologically relevant concentrations that are typically in the millimolar
range®**°, Despite the fact that sugar porters represent one of the
largest family of membrane transporters for awide range of different
sugars with varying kinetics', the sugar-binding site itself, from para-
sites to human, has remained remarkably well conserved'. Crystal and
cryo-EM structures under nonphysiological cryogenic temperatures
have enabled the possibility of capturing sugar-bound states of these
sugar transporters®*, which would otherwise probably be too transient
to obtain under physiological conditions. Further, most sugar-bound
states also have coligands interacting with either TM7b or TM10b gat-
ing helices that have probably helped to stabilize these intermediate

conformations. However, it is important to understand how sugars
interact under more physiologically relevant conditions to understand
how binding is coupled with TM7b gating and dynamics, which are
ultimately deciding which sugars are transported.

By measuring sugar binding to sugar transporters in liposomes by
STDNMRatroomtemperature, we have herein been able to discern that
only substrate-sugar pairings that catalyze translocation produce sig-
nals. Indeed, MD simulations show that sugars in the outward-occluded
state are highly dynamic and although these simulations are not long
enough to capture sugar translocation, previous enhanced-sampling
MD simulations of GLUTSindeed showed that the sugar became highly
coordinated only upon transition through the occluded state*. Con-
sistently, previous 'H NMR measurements of D-glucose interacting
with GLUT1 in native red blood cells concluded that only ~10% fast
sugar-binding events led to the formation of a sugar-translocated
complex®, that is, the outward-occluded sugar-bound states are
also transient in intact cells. Comparing structures of PfAHT1 between
inward-occluded and occluded states demonstrate how sugarsbecome
better coordinated in transitioning to an occluded formation.

What determines whether these suboptimal partially occluded
states catalyze sugar translocation? The difference between a sugar
substrate (D-xylose) and the sugar inhibitor (D-glucose) in XylE was not
apparent from how the sugars are coordinated in the outward-occluded
crystal structures, or from their binding affinities, which are compa-
rable. In fact, mutations in XylE that enable the protein to transport
D-glucose did not alter the affinity towards this sugar. Rather, from STD
NMR analysis and MD simulations we can conclude that subtle differ-
ences enable asubstrate sugar (D-xylose) to be highly coordinated for
alonger period of time than D-glucose, by better engaging TM7b. The
structure of P/HT1in complex with the D-fructose analog 2,5-AHM con-
firms the key importance of the TM7b asparagine residue N311to enable
this conformational selection. The mutation of the TM7b residue L297
to phenylalanine to enable XylE to transport glucose is a potent example
of the general importance of TM7b for orchestrating whether sugar
bindingis further able toundergo aninduced-fit to catalyze transport.

Kinetic measurements of GLUT1 transport at different tempera-
tures in human red blood cells were used previously to calculate ther-
modynamic parameters*®. Although global conformational changes
from inward-to-outward states were found to be strongly endother-
mic, D-glucose binding had only a small change in enthalpy and rather
increased entropy*®. It was proposed that, as D-glucoseis highly hydrated
it could effectively exchange hydrogen bonds with water for a similar
number of hydrogen bonds with the transporter, that is, to be consist-
ent with the small change in enthalpy. It was further concluded that
loss of translational freedom associated with D-glucose binding to the
transporter would be outweighed by theincreased entropy, which arises
fromthe removal of water from both glucose and the substrate-binding
pocket®. Thisinterpretationis consistent with the decreasedsize of the
sugar-binding pocket betweeninward-occluded and occluded states of
PfHT1. Furthermore, kinetic analysis of GLUT1inred blood cellsand ITC
measurements of D-xylose addition to purified XylE have shown that
locked states of XylE give rise to only asmall enthalpic change (AH) of -1
to3 kcal mol™, whichwould be consistent with weak sugar binding to con-
formationally select preformed outward-occluded and inward-occluded
states®. Rather, ITC measurements of the unlocked WT XylE protein has
shown that D-xylose binding has a larger entropic change (AS) compo-
nent (25 kcal mol™) with only asmall positive AH (2.5 kcal mol™)*.. Thus,
sugar translocation s largely entropically driven.

Taken together, we propose that sugar translocation in GLUTs
and the larger sugar porter family is a two-step mechanism. First a
conformational selection to either an outward- or inward-occluded
state, followed by asecond induced-fitstepintoafully occluded stateto
catalyze sugar translocation. From this two-step model, we can further
conclude that the occluded state should be considered equivalent to
the transition state in enzymes, as it has the strongest coordination
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forthe sugar. The differenceis that, rather than catalyzing asubstrate
into a product, its formation in transporters catalyzes a conforma-
tional change totranslocate the substrate across the membrane. Nota-
bly, some enzymes have also been shown to operate by a two-step
mechanism®. It follows that the optimal fit of the substrate to the fully
occluded (transition) state, rather than to the outward-occluded and
inward-occluded states, primarily determines substrate specificity in
transporters (Fig. 6). Consistent with our analysis of the sugar porter
family, the occluded translocation intermediate in Na*-coupled gluta-
mate transporters was also shown to have adramatically higher affin-
ity for its (neurotransmitter) substrate”. Finally, we suggest that STD
NMR should be considered more ofteninanalyzing substrate-coupling
mechanisms in transporters, and allosteric substrate-driven gating
should be analyzed more closely in general. Similar to enzymes, our
work further implies that transition-state inhibitors could be modeled
based onthe fully occluded state intransporters, opening avenues for
new transporter therapeutics.
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Methods

Construct design and cloning

The PfHT1gene construct consisting of residues 1-5 from Rattus nor-
vegicus GLUTS5 followed by PfHT1residues 20-504 out of 504 (UniProt
accessionno.097467),and R. norvegicus GLUTS full-length gene con-
struct (UniProt accession no. P43427) with a deglycosylation mutation
(N50Y) were synthesized and cloned into the GAL1 inducible vector
pDDGFP2 containing tobacco etch virus protease (TEV) cleavage site
and a C-terminal GFP-Hisgtag. The plasmids were transformed into Sac-
charomyces cerevisiae®**"**. The translated sequence after TEV digestion
isshownbelow withthe non-PfHT1, rat GLUTS5residues on the N termi-
nus and residues remaining of the TEV cleavage site presentedinitalic.
FortheR. norvegicus GLUTS5 construct, the N5OY deglycosylation muta-
tion and C-terminal residues remaining after TEV cleavage are shown
initalic. PAHT1: MEKEDSGFFSTSFKYVLSACIASFIFGYQVSVLNTIKNFIV-
VEFEWCKGEKDRLNCSNNTIQSSFLLASVFIGAVLGCGFSGYLVQFGR-
RLSLLIYNFFFLVSILTSITHHFHTILFARLLSGFGIGLVTVSVPMYISEMTH-
KDKKGAYGVMHQLFITFGIFVAVMLGLAMGEGPKADSTEPLTSFAKLWWR-
LMFLFPSVISLIGILALVVFFKEETPYFLFEKGRIEESKNILKKIYETDNVDE-
PLNAIKEAVEQNESAKKNSLSLLSALKIPSYRYVIILGCLLSGLQQFTGIN-
VLVSNSNELYKEFLDSHLITILSVVMTAVNFLMTFPAIYIVEKLGRKTLLL-
WGCVGVLVAYLPTAIANEINRNSNFVKILSIVATFVMIISFAVSYGPVLWI-
YLHEMFPSEIKDSAASLASLVNWYVCAIIVVFPSDIIIKKSPSILFIVFSVM-
SILTFFFIFFFIKETKGGEIGTSPYITMEERQKHMTKSVVENLYFQ. GLUTS:
MEKEDQEKTGKLTLVLALATFLAAFGSSFQYGYNVAAVNSPSEFMQQ-
FYYDTYYDRNKENIESFTLTLLWSLTVSMFPFGGFIGSLMVGFLVNNLGRK-
GALLFNNIFSILPAILMGCSKIAKSFEIIIASRLLVGICAGISSNVVPMYLGE-
LAPKNLRGALGVVPQLFITVGILVAQLFGLRSVLASEEGWPILLGLTGV-
PAGLQLLLLPFFPESPRYLLIQKKNESAAEKALQTLRGWKDVDMEMEE-
IRKEDEAEKAAGFISVWKLFRMQSLRWQLISTIVLMTGQQLSGVNAIYYY-
ADQIYLSAGVKSNDVQYVTAGTGAVNVFMTMVTVFVVELWGRRNLL-
LIGFSTCLTACIVLTVALALQNTISWMPYVSIVCVIVYVIGHAVGPSPI-
PALFITEIFLQSSRPSAYMIGGSVHWLSNFIVGLIFPFIQVGLGPYSFIIFA-
IICLLTSIYIFMVVPETKGRTFVEINQIFAKKNKVSDVYPEKEEKELNDLP-
PATREQENLYFQ.

All PHT1 and GLUT5 mutants were generated by overlap PCR,
cloned into the pDDGFP, vector as described for WT. The full-length
XylE sequence was amplified by PCR using genomic DNA extracted
from E. coliMACHI1 cells (Thermo Scientific) as atemplate. The ampli-
fied DNA and pWaldo-GFPd vector were digested using restriction
enzymes Ndel and BamHI and ligated to create a plasmid containing a
TEV cleavage site and a C-terminal GFP-Hisg tag. The XylE mutants were
prepared using a QuikChange lightning site-directed mutagenesis kit
(Agilent Technologies).

Large-scale production and purification

For P/HT1 and GLUTS5 production, 121 of S. cerevisiae FGY217 cells
were cultivated in ~-URA medium supplemented with 0.1% (w/v)
D-glucose at 30 °C and 150 rpm in 2-1 Tunair flasks (Merck). The cul-
tures were induced at an optical density at 600 nm (OD,,) of 0.6
by the addition of galactose to a final concentration of 2% (w/v). At
22 h afterinduction, the cells were collected, resuspended in buffer
consisting of 50 mM Tris-HCI pH 7.6, 1 mM EDTA, 0.6 M sorbitol, and
lysed by mechanical disruption as described previously*. XylE was
overexpressed using E. coli BL21-Gold (DE3) strain (Agilent Tech-
nologies) in Luria-Bertani (LB) medium with kanamycinat 50 pgml™;
61 of E. coli BL21-Gold (DE3) was grown at 37 °C and induced by
addition of isopropyl-B-D-thiogalactopyranoside (IPTG) to a final
concentration of 0.4 mM at an OD,, of 0.5 and harvested after over-
night incubation at 25 °C by centrifugation. The pelleted cells were
resuspended in 1x PBS buffer before lysis at 25,000 psi using a Con-
stant Systems TS series cell disruptor (Constant Systems). For both
S. cerevisiaeand E. coli, the cell debris were spun down by centrifuga-
tion at 4 °C and 5,000g for 20 min. Membranes were then collected
fromthe supernatant by ultracentrifugation at 4 °C and 195,000g for

2 h, homogenized in 20 mM Tris-HCI pH 7.5, 0.3 M sucrose, 0.1 mM
CacCl,, flash frozenin liquid nitrogen and stored at —-80 °C. The mem-
branes were solubilized for 2 h at 4 °C in equilibration buffer (EB)
consisting of 1x PBS, 150 mM NacCl, 10% (v/v) glycerol and 1% (w/v)
n-dodecyl-B-D-maltopyranoside (DDM; Glycon). The nonsolubilized
material was removed by ultracentrifugation at 195,000g for 45 min
at 4°C, and the resulting supernatant was incubated with 15 ml of
Ni**-nitrilotriacetate affinity resin (Qiagen) overnight at 4 °C under
mild agitation after addition of imidazole to 20 mM. The slurry was
pouredinto a30-mlEco-column (Bio-Rad) and washed with 500 ml of
EB containing 0.1% (w/v) DDM and 35 mMimidazole. The resin-bound
protein was eluted in 30 ml of EB containing 0.02 % (w/v) DDM and
250 mM imidazole. For STD NMR experiments, the eluate was con-
centrated using 100-kDa molecular-weight cutoff spin concentrators
(Amicon Merck-Millipore), flash frozenin liquid nitrogen and stored
at-80 °C.For crystallization, the eluate was incubated with equimo-
lar TEV protease at 4 °C overnight to cleave the GFP-Hisg tag during
dialysis performed against 3 | of dialysis buffer consisting of 20 mM
Tris-HCI pH 7.5, 150 mM NaCl and 0.02% (w/v) DDM. The dialyzed
and digested sample was loaded onto a 5-ml HisTrap column (GE
Healthcare) equilibrated with dialysis buffer and the PfHT1 containing
flowthrough was collected and concentrated. The concentrated solu-
tion was subjected to a Superose 6 10/300 column (GE Healthcare)
pre-equilibrated in a buffer consisting of 20 mM MES pH 6.5,150 mM
NaCl and 0.4% (w/v) B-NG (Anatrace), and the peak fractions were
collected and concentrated to 5 mg ml™.

The PHT1, GLUTS5 and XylE mutants were purified as described for
WT. The monodispersity of the purified P/AHT1, GLUT5 and XylE-GFP
fusions was assessed by fluorescence-detection size-exclusion chro-
matography (FSEC)>*** using an Enrich 65010 x 300 column attached
to a Shimadzu HPLC LC-20AD/RF-20A (488 NM,ciations 512 NMemission)
instrument in buffer containing 20 mM Tris-HCI pH 7.5, 150 mM NaCl
and 0.03% (w/v) DDM.

Cysteine crosslinking XyIE

Disulfide bond formation was initiated by addition of 1.5 mM CuCl, to
the eluted XylE V35C/E302C mutant. The mixture was agitated mildly at
room temperature for 1.5 h on a plate shaker set at 50 rpm. The mixture
was dialyzed into buffer containing 25 mM MES pH 6.5,150 mM NaCl
and 0.03% (w/v) DDM for subsequent experiments.

Crystallization and structure determination of P/HT1

Crystals of P/HT1in complex with 2,5-AHM were grown at 20 °C using
the hanging-drop vapor-diffusion method. Purified PfHT1 protein at
5mg ml™wasadded2,5-AHM to a final concentration of 50 mM; 1 pl of
this solution was mixed 1:1 with reservoir solution consisting of 0.1 M
HEPES pH 7.5 and 26% (w/v) polyethylene glycol (PEG) 400. Crystals
appeared within 1 week in 26% (w/v) PEG 400 and were collected sub-
sequently and flash frozen in and stored under liquid nitrogen.

X-ray diffraction data of asingle P/HT1crystal was collected at the
European Synchrotron Radiation Facility beamline ID23-1,at100 Kand
awavelength of 0.8731 A. The resulting dataset was indexed, integrated
and scaled using XDS* before merging using Aimless™. Initial phases
of PfHT1 were obtained by molecular replacement using Phaser from
the Phenix suite’™® and the previous structure of PHT1in complex
with glucose as search model (Protein Data Bank (PDB) 6RW3). The
asymmetric unit contained four chains of P/HT1. Structure refinement
was carried out using Phenix.refine**®° after applying NCS and TLS
restraints, interspersed with manual model buildingin Coot®. The R4/
Rree Values of the final model were 23.4%/27.6% and the Ramachandran
statistics were 96.6% favored, 3.21% allowed and 0.21% outliers. The final
model was deposited to the PDB with the accession code 9HKK. Addi-
tional datacollection and refinement statistics are presented in Table 1.
Structural alignments were performed using the align command of
PyMol software (http://www.pymol.org/) using Ca coordinates®>®,
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Reconstitution of membrane protein-GFP fusions into
liposomes for STD NMR measurements

Total bovine brain lipid extracts (Sigma-Aldrich) and cholesteryl-
hemisuccinate (Sigma-Aldrich) powder were combined by vortexing
into a buffer consisting of 25 mM potassium phosphate pH 8.0 and
50 mM NacCl to a final concentration of 30 mg ml™ and 6 mg m1™,
respectively. The lipid mixture was subjected to five rounds of freeze—
thaw cycles by flash freezing in liquid nitrogen and thawing at room
temperature; liposomes were sonicated in 30-s pulses at 40% ampli-
tude, with 10-s cooling intervals between pulses, for a total of six
cycles. Lipid mixture was further spun down at 16,000g for 15 min
and the supernatant containing small unilamellar vesicles was col-
lected. Purified GFP fusion protein variants (150 pg) were added
to 500 pl of unilamellar vesicles, flash frozen and thawed at room
temperature. Large, unilamellar proteoliposomes were prepared
by extrusion (LiposoFast, Avestin; membrane pore size, 400 nm).
The extruded proteoliposomes were collected by ultracentrifuga-
tion at 195,000g for 30 min and resuspended in a deuterated buffer
consisting of 25 mM potassium phosphate pH 8.0 and 50 mM NacCl.
Another round of ultracentrifugation-resuspension steps was applied
to ensure a removal of detergents and a complete exchange into the
deuterated buffer to obtain well-resolved NMR spectra. The resulting
pellet was resuspended in 160 pl of a deuterated buffer consisting of
25 mM potassium phosphate pH 8.0 and 50 mM NaCl. Then, 10 pl of
the proteoliposome sample was used for concentration determination
and 150 plfor NMR experiments. The same procedure was applied for
XylE proteoliposme preparation using E. coli polar lipids in a buffer
consisting of 25 mM potassium phosphate pH 6.5 and 50 mM NacCl.
The concentration of membrane proteins in the proteoliposomes
were estimated by GFP fluorescence using a Fluoroskan plate reader
(Thermo Fisher, using Skanlt software v.6.0.2) and adjusted to 10 uM
for STD NMR experiments.

STD NMR measurements
The NMR samples were prepared as a mixture of 10 uyM membrane
protein-GFP fusion reconstituted into proteoliposomes and 500-uM
substrates, which were dissolved in buffer containing 25 mM potas-
sium phosphate, 50 mM NaCl in D,0. All NMR experiments were per-
formed at 298 K on Bruker 500 MHz Avance II, 600 MHz Avance 11l
HD or 700 MHz Avance X spectrometers, where the 500 MHz and
700 MHz spectrometers were equipped with 5-mm BBl and BBO cryo-
genic probes, respectively. NMR spectra were processed using soft-
ware Topspin v.3.0 (Bruker). On- and off-resonance irradiations were
applied at chemical shifts of —0.5 and 60 ppm, respectively. Proteins
were saturated using a train of Gaussian-shaped 50-ms-long pulses.
The total length of the saturation train was set to 2 s. AlINMR spectra
wereacquired for18 hwith 4,096 scans and aspectral width of 12 ppm.
Protein-ligand binding was quantified by STD amplification
factors (STD-AF):

STD — AF = (Ig — Is5)/1o x ligand excess

inwhich/,is theligand peakintensity in an off-resonance 'H NMR spec-
trum, /., istheintensity in the on-resonance spectrumand/, -/, repre-
sentstheintensity of the STD NMR spectrum. The ligand excessis given
by the ratio of ligand-to-protein concentrations, that is, [L];oca/[Pliocar-

Reconstitution of membrane proteininto liposomes for
transport assays

The incorporation of rGLUTS protein variants into proteoliposomes
was performed as described recently”?. XylE transport activity was
determined by counter flow experiments, and the proteoliposme prep-
aration protocol was therefore modified slightly as followed, before the
freeze-thaw cycles, 20 mM D-xylose or 20 mM D-glucose was added
to ensure preloading of liposomes with sugar for counterflow experi-
ments. During the reconstitution step, 60 pg of purified XylE-GFP was

added to500 pl of liposomes. The extruded proteoliposomes were col-
lected by ultracentrifugation at195,000g for 45 min and resuspended
inthe same buffer as thatin which the lipids were prepared previously
inafinal volume of 150 pl.

Uptake of radiolabeled sugars into XylE, P/AHT1and rat GLU5
proteoliposomes

The uptake of radiolabeled sugar by P/AHT1and rGLUT5 was measured
as described recently®. For counterflow experiment of XylIE variants,
5 pl of D-xylose preloaded proteoliposomes were added to 45 pl of
assay buffer (20 mM MOPS pH 6.5, 2 mM MgS0,) containing 1 pl of
[®H]-D-xylose (10 pM, American Radiolabelled Chemicals) and incu-
bated for 2 minat room temperature before stopping the reaction with
1 ml of assay buffer and filtering through a 0.22-um filter (Millipore),
followed by washing with 6 mI MOPS-MgSO, buffer. Filters were trans-
ferredtoscintillation vials, applying 5 ml of scintillation liquid (Ultima
Gold, Perkin EImer) before scintillation detection using a scintillator
(TRI-CARB 4810TR 110 V; Perkin Elmer).

For measuring glucose transport activity of XylE WT and mutants,
the same procedure as above was performed, but using D-glucose
preloaded proteoliposomes and a substrate buffer containing 1 pL of
[*C]-D-glucose (80 uM, American Radiolabelled Chemicals).

Reported values are from at least triplicates, using empty
liposomes as baseline intensity, and WT activity as100% activity, using
D-glucose, D-fructose and D-xylose for 100% activity values for the
respective proteins PfHT1, rGLUT5 and XyIE.

MD simulations

Allsimulations were performed using GROMACS®* either v.2018.1 (for
GLUT3),v.2021.6 or v.2024.1-2. Details of MD simulations of GLUT3 are
reportedinref. 19, butin briefthe glucose-bound protein was embed-
ded and underwent energy minimization using steepest descent.
Equilibration MD was then performed for a total of 375 ps, gradually
relaxing positional restraints on protein, POPClipids and ligands, when
relevant. The temperature and pressure were maintained at 303.15 K
and1 bar using the Berendsen thermostat and barostat® respectively;
the CHARMM36m® and the TIP3P*° forcefields were used.

XylE was embedded in a POPC bilayer using the CHARMM-GUI
membrane bilayer builder®”. The system was solvated in a box of
~100X100X110 nmin presence of 150 mM KCl and the model was built
using the CHARMM36m forcefield®® and the TIP3P water®.

The system was then equilibrated at 303.15 K and 1 bar using the
v-rescale thermostat and c-rescale barostat. Van de Waals interactions
were calculated with a cutoff radius of 1.2 nm, whereas electrostatic
interactions were calculated using the Particle Mesh Ewald method
(PME®’), witha cutoff of1.2 nm. Following the standard CHARMM-GUI
equilibration pipeline, an energy minimization was followed by 6
steps of equilibration, in which positional restraints on backbone, side
chains, dihedral angles and lipids were slowly released. In the final step,
side chains, dihedral angles and lipids restraints were deactivated. Five
unrestrained 1 ps simulations were then performed for each system,
using the v-rescale thermostat’® and c-rescale barostat”. To ensure
that the results obtained for GLUT3 could be directly compared to the
results more recently obtained in XylE, we repeated the GLUT3 simula-
tions, starting from the glucose-bound structure (4ZW9)°, and followed
the same protocol as for XylE to equilibrate, then five unrestrained 1 pus
simulations were performed for each system®.

Analysis of the gate distances in MD simulations was performed
using Python with MD Analysis library. For XylE simulations, the extra-
cellular gate distance was calculated as the distance between the center
of mass of residues 28-36 in TM1 and residues 295-301 in TM7. For
GLUT3 simulations, the residues used were 28-36 in TM1and 382-390
inTM7.

Clustering was performed on XylE and GLUT3 simulations to high-
light sugar binding poses. Trajectories from different repeats were
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concatenated and clustering was performed on the sugar binding resi-
dues and sugar coordinates using gmx cluster with the Jarvis Patrick
method and a cutoff of 0.08 nm. Figure 3e,f and Extended Data Figs. 2
and3showarepresentative frame for all of the clusters having more than
2 members in XylE and GLUT3 simulations. The number of structures
ineach of these clustersis reported in Supplementary Tables 3 and 4.

Cryo-EM sample preparation and data acquisition

A synthetic lipid mixture consisting of 15 mM 1-palmitoyl-2-oleoyl-
sn-glycero-3-phosphatidylcholine (POPC; Larodan, cat.no.37-1618-12),
2.5 mM1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylethanolamine
(POPE; Larodan, cat.no.37-1828-9),and 2.5 mM1,2-diacyl-sn-glycero-3-p
hospho-1-D-myo-inositol (POPI; Larodan, cat. no. 37-0132-7) was dis-
solved in chloroform-methanol (2:1, v/v) and a thin lipid film was
prepared using arotary evaporator. The lipid film was rehydratedina
20 mM Tris (pH 7.5) and 150 mM NaCl buffer to a final concentration of
20 mM. PfHT1-GFP was combined with MSP1E2, purified as described
previously’?and the lipid mixture POPC:POPE:POPI at amolar ratio of
1:5:100, respectively, and incubated at 4 °C for 30 min. Subsequently,
50 mg of pre-activated SM-2 Bio-Beads (Bio-Rad) was added and incu-
bated at 4 °C overnight to remove detergent. The Bio-Beads were
discarded and the supernatant incubated with Ni**-nitrilotriacetate
affinity resin (Qiagen) beads to remove unbound free MSPs. The P/HT1
nanodisc sample was eluted in a buffer containing 20 mM Tris-HCI
(pH7.5),150 mM NaCl and 250 mM imidazole and purified further by
size-exclusion chromatography on an Enrich 650 10 x 300 columniin
a buffer containing 150 mM NaCl and 20 mM Tris-HCI (pH 7.5). The
sample was concentrated to~3 mg ml™, and 50 mM2,5-AHM was added
before grid preparation.

Aliquots of 3-ul PfHT1 nanodiscs were applied to Quantifoil Cu
R1.2/0.3 grids and blotted for 5 s at 4 °C under 100% humidity. Grids
were plunge-frozeninliquid ethane usingaVitrobot Mark IV (Thermo
Fisher Scientific). A total of 17,829 videos were collected on a Titan
Krios G3imicroscope equipped with a Gatan BioQuantum K3 detector
using EPU (Thermo Fisher Scientific). Data collection parameters are
summarized in Table 2.

Cryo-EM data processing

Image processing was performed in CryoSPARC” Micrographs were
motion-corrected using ‘patchmotion, and contrast transfer function
(CTF) parameters were estimated using ‘patch ctfestimation. Following
CTF estimation, micrographs were denoised before template-based
particle picking. Particles near ice or carbon edges were excluded
using micrograph junk detector, yielding ~5.7 million particles. After
several rounds of two-dimensional classification, 1,262,390 particles
were retained for multimodel ab initio reconstruction, resulting in a
high-quality class containing 625,315 particles. Subsequent heteroge-
neous refinements yielded a more homogeneous dataset of 300,678
particles. Final three-dimensional reconstruction using nonuniform
and local refinement achieved a gold-standard resolution of 2.42 A.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The coordinates and the structure factors for X-ray crystallography
structure of PfHT1 have been deposited at PDB 9HKK. The PfHT1
cryo-EM structure has been deposited at PDB 9SDL and EMDB 54787.
Alldataareavailablein the paperorin Tables1and 2. The STD NMR data
are available via Zenodo at https://doi.org/10.5281/zenodo0.18722732
(ref.74). Themolecular dynamics datais available via Zenodo at https://
doi.org/10.5281/zenodo0.18347238 (ref. 75). Data and materials can be
obtained from the corresponding authors upon request. Source data
are provided with this paper.
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Micrographs were denoised before particle picking and picks near ice and
aggregation was removed using micrograph junk detector. The dataset was
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d. FSEC traces of DDM purified rat GLUT5 WT and variants.
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