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Abstract: Glucose is the primary fuel to life on earth. Cellular uptake of glucose is a fundamental

process for metabolism, growth, and homeostasis. Three families of secondary glucose transport-

ers have been identified in human, including the major facilitator superfamily glucose facilitators
GLUTs, the sodium-driven glucose symporters SGLTs, and the recently identified SWEETs. Struc-

tures of representative members or their prokaryotic homologs of all three families were obtained.

This review focuses on the recent advances in the structural elucidation of the glucose transport-
ers and the mechanistic insights derived from these structures, including the molecular basis for

substrate recognition, alternating access, and stoichiometric coupling of co-transport.

Keywords: glucose transporter; GLUT; SGLT; SWEET; alternating access; structural biology

Introduction

Glucose is the primary energy source for life on earth.

It also serves as an important precursor for biomolecule

synthesis, and plays an important role in cell signaling.

The dietary carbohydrates contain large amount of glu-

cose in the form of monosaccharide or oligo- and poly-

saccharides, such as maltose, starch, and glycogen.

The human brain, which generally represents about

2% of total body mass of an adult, consumes approxi-

mately 25% of glucose supply. The cellular uptake of

glucose precedes other events concerning glucose

metabolism and signaling. Multiple glucose transport-

ers have evolved to shepherd the transmembrane

movement of the water-soluble glucose molecules.

Three families of solute carriers have been identi-

fied for glucose transport, including the most rigorously

studied major facilitator superfamily (MFS) glucose

facilitators GLUTs (SLC2), the sodium-driven glucose

symporters SGLTs (SLC5), and the recently character-

ized SWEET (SLC50).1–4 The three glucose transporter

families have distinct physiological functions and work-

ing mechanisms, which are illustrated in a simplified

model [Fig. 1(A)]. GLUTs are ubiquitously distributed

and catalyze facilitative diffusion of glucose down its
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concentration gradient. SGLTs are primarily expressed

in the intestine and kidney cortex and harness the

energy released from downhill flow of Na1 to drive the

translocation of glucose against its concentration gradi-

ent across membrane.5,6 The physiological function of

sugars will eventually be exported transporters

(SWEETs), which are mainly responsible for efflux and

intracellular trafficking of sugars in plants, remains to

be characterized in mammals.7

To elucidate their mechanisms and to identify

potentially novel targets for drug development, the

structures of glucose transporters have been actively

pursued. However, membrane proteins are notoriously

known as the most challenging category for structural

determination because of the insurmountable technical

difficulties associated with expression, purification, and

crystallization.8–10 The progress on the structural

investigation of transporters is even slower due to their

highly dynamic nature and low endogenous expression

in general. The first structures of transporters were

reported in 2002.11–13 Eukaryotic transporters repre-

sent qualitatively more challenging targets. For

instance, among the over 1000 published structures of

membrane proteins, only <20 are of eukaryotic trans-

porters, among which merely three are of human ori-

gin.8,14–16 Bacterial homologs have been exploited as

surrogate for structural and mechanistic understand-

ing of the corresponding eukaryotic targets.17

Among the three families of glucose transport-

ers, structural investigation of GLUTs is most

advanced with the structures resolved for human

GLUT1and GLUT3,14,15 two mammalian GLUT5

homologs,18 and the bacterial homologs XylE and

GlcPSe.
19–22 For SGLTs and SWEETS, only struc-

tures of bacterial homologs, vSGLT and Semi-

SWEETs, were obtained.23–27

Here we briefly summarize the physiological

function of the three glucose transporter families

and review the recent progress on the structural

investigations, upon which we discuss the updated

understanding of the molecular basis for alternating

access, substrate recognition, and coupled transport

mechanism of these glucose transporters.

Physiological Functions of Glucose

Transporters

GLUTs

GLUTs are encoded by the SLC2 genes. Fourteen

members have been identified in human, which are

classified into three classes [Fig. 1(B)].1 The most

rigorously investigated GLUT1–4, together with

GLUT14, constitute class 1.28 GLUT1 is one of the

first membrane transporters to be cloned and has

been comprehensively characterized in the past half

century. It is a ubiquitous glucose transporter in all

tissues, but predominantly functions in erythrocytes

and blood–brain barrier.28,29 GLUT1 was also sug-

gested to be the receptor for human T-lymphotropic

virus (HTLV) and play an essential role in CD4 T

cell activation.30,31 The transport activity of GLUT1

is subjected to regulation by PKC and TXNIP.32,33

Several dozens of SLC2A1 mutations have been

identified in patients with the autosomal dominant

genetic disease known as GLUT1 deficiency

syndrome.34–38

Figure 1. Glucose transporters in Homo sapiens. (A) The distribution of glucose transporters in human intestinal epithelial cell.

The panel is adapted from the Supplementary Figure 22 by Chen et al.7 (B, C) The phylogenetic trees of GLUTs and SGLTs in

Homo sapiens. Multiple sequence alignment was performed with ClustalW and the results were presented with MEGA6. Four-

teen members of GLUTs and six SGLTs were shown here. The relevant NCBI sequence numbers of the 14 GLUTs and 6 SGLTs

are listed below: GLUT1 (NP_006507.2), GLUT2 (NP_000331.1), GLUT3 (NP_008862.1), GLUT4 (NP_001033.1), GLUT5

(NP_003030.1), GLUT6 (NP_060055.2), GLUT7 (NP_997303.2), GLUT8 (NP_055395.2), GLUT9 (NP_064425.2), GLUT10

(NP_110404.1), GLUT11 (NP_001020109.1), GLUT12 (NP_660159.1), HMIT (NP_443117.3), GLUT14 (NP_703150.1), SGLT1

(NP_000334.1), SGLT2 (NP_003032.1), SGLT3 (NP_055042.1), SGLT4 (NP_001011547.2), SGLT5 (NP_689564.3), and SGLT6/

SMIT2 (NP_443176.2).
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GLUT2 is the major glucose transporter in hepato-

cytes and intestine and exhibits several distinctive

characteristics compared to the other three GLUTs.28,39

It is the only GLUT that catalyzes the bidirectional

glucose flow depending on fed or fasting state. GLUT2

exhibits an extraordinary high Km value for glucose

yet a high affinity for glucosamine.40 Correlated with

its primary role in liver, defects of GLUT2 are associ-

ated with the Fanconi–Bickel syndrome, also known as

glycogen storage disease type XI.41

GLUT3 is mainly expressed in neurons, thereby

also referred to as the “neuronal glucose trans-

porter.”42 It shows the lowest Km value and the high-

est turnover rate among GLUT1–4.43 These properties

may ensure sufficient glucose uptake to neurons in

the brain where the glucose concentration is consider-

ably lower than in blood.44 Overexpression of GLUT1

and GLUT3 is observed in a variety of solid tumor

cells for enhanced glucose uptake under aerobic (the

Warburg effect).45–50 Targeting the Warburg effect,

isotope-labeled glucose derivative 2-deoxy-2-[18F]fluo-

roglucose (18F-FDG) was used for the positron emis-

sion tomography (PET) for diagnosis of cancer.51–54

Inhibitors that target GLUTs to reduce glucose uptake

and inhibit glycolysis were shown to reduce cancer

cell growth both in vitro and in vivo.55,56

GLUT4 is highly expressed in adipose tissues

and skeletal muscles.57 It is most notoriously known

as the “insulin-responsive glucose transporter” for its

relocation from intracellular vesicles to the plasma

membrane upon insulin signaling.57,58 Disruption of

the regulated GLUT4 trafficking is associated with

obesity and the type II diabetes mellitus. Interest-

ingly, GLUT4 can be inhibited by HIV protease inhib-

itors, which may cause acute insulin resistance and

result in increased diabetes incidence among AIDS

patients treated with these inhibitors.59,60

GLUT5, 7, 9, 11 constitute class 2. Unlike

GLUT1–4, the primary substrate for GLUT5 is fruc-

tose.61 GLUT5 is mainly responsible for fructose

absorption into the epithelial cells of intestine, while it

is also expressed in other organs including kidney and

brain.28 GLUT7 and GLUT11, sharing approximately

50% sequence identities with GLUT5, transport both

glucose and fructose. GLUT9 was recently identified

to be a urate transporter that may play a critical role

in the deposition of uric acid in joints.62,63 GLUT6, 8,

10, 12, and HMIT (myoinositol:H1 symporter, also

known as GLUT13) constitute the least understood

class 3 [Fig. 1(B)].28 The substrates and physiological

functions of most of them remain to be characterized.

SGLTs
There are six SGLT proteins identified in human,

among which SGLT1 and SGLT2 have been exten-

sively characterized in the past several years [Fig.

1(C)].5 Despite the prominent sequence homology

between SGLT1 and SGLT2, they exhibit distinct

physiological and biochemical properties.64 SGLT1 is

primarily expressed in intestine, while SGLT2 is

highly expressed in the kidney cortex and plays an

important role in reabsorption of glucose in kidney.5

The major substrates of SGLT1 are both glucose and

galactose, whereas SGLT2 prefers glucose to galac-

tose. The stoichiometric ratios of sodium coupling of

SGLT1 and SGLT2 were characterized to be 2:1 and

1:1, respectively.64

SGLT1 mutations are found in patients with

glucose–galactose malabsorption.65 Mutations of

SGLT2 are associated with the genetic disease Fami-

lial Renal Glucosuria.66,67 SGLT2 inhibitors, includ-

ing dapagliflozin, canagliflozin, ipragliflozin,

tofogliflozin, luseogliflozin, and empagliflozin, have

been tested at different stages of clinical trials for

treatment of type II diabetes mellitus.68–70

The characterizations of other SGLTs are rather

preliminary. Interestingly, SGLT3 has no glucose

transport activity, but may serve as a glucose sensor

in the enteric nervous system.71 SGLT4 exhibits

higher affinity for mannose than glucose and may

function as a mannose transporter.72 SGLT5, which

is highly expressed in kidney cortex, also has a sub-

strate preference for mannose.73 SGLT6, also known

as SMIT2 (myoinositol:Na1 symporter), transports

inositol instead of glucose.74

SWEETs
As a novel family of glucose transporters recently

identified in plants, the physiological characteriza-

tions of SWEETs in animals are preliminary. In con-

trast to Arabidopsis thaliana in which up to two

dozen SWEETs have been identified, animals usu-

ally have only one SWEET, with the exception of

Caenorhabditis elegans where seven SWEET-

encoding genes are found.3,7 Please refer to a recent

review for the updated knowledge of SWEETs and

their bacterial homologs SemiSWEETs.3

Structural Elucidation of Glucose Transporters
GLUTs and SGLTs belong to the major facilitator

superfamily (MFS) and the amino acid-polyamine:or-

ganocation (APC) superfamily, respectively, and dis-

play the typical MFS and APC folds [Fig. 2(A,B)].17

Eukaryotic SWEETs are predicted to contain 7

transmembrane segments (TMs), while the bacterial

homologs have only 3 TMs, thereby named Semi-

SWEETs. SemiSWEETs are the smallest transport-

ers known and function as parallel dimer. SWEETs

have an additional TM4 that connects the two paral-

lel triple-helix bundles [Fig. 2(C)].

The structures of GLUTs have been pursued for

nearly three decades ever since the cloning of

GLUT1.29 Analysis of the primary sequence suggested

a 12-TM topology.54 Prior to the structure determina-

tion of GLUTs or its bacterial homologs, the structural

information was derived from biochemical analysis,75
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or modeling based on the structure of Escherichia coli

lactose:H1 symporter LacY, a prototypical MFS protein

that has little sequence similarity with GLUTs,76 and

the glycerol:glycerol-3-phosphate antiporter GlpT.77

The first homology model of GLUT1 was obtained

upon structural elucidation of XylE, a D-xylose:H1

symporter in E. coli that shares approximately 30%

identity and 50% similarity with GLUTs.19

The structures of XylE were first obtained in

the outward-occluded conformation in complex with

three distinct ligands, the authentic substrate D-

xylose, the inhibitor glucose, and a glucose deriva-

tive.19 Then two more conformations of XylE were

obtained, inward open and partly inward-occluded.20

Conforming to the canonical MFS fold,6 12 TMs are

organized into two discretely folded domains, the

amino- (N) and carboxyl- (C) domains, which are

related to each other around an axis that is perpen-

dicular to the membrane plane. Each domain com-

prises a pair of 3-TM bundles, which exhibit another

fold of pseudosymmetry by approximate 1808 rota-

tion around an axis that is parallel to the membrane

plane. Inverted repeats represent a common feature

observed in a variety of membrane transporter fami-

lies.17 In addition to the MFS fold in the transmem-

brane region, XylE, as later seen in GLUTs and

GlcPSe, contains an intracellular helical (ICH)

domain, which then proves to play an important role

in the function of the transporters [Fig. 2(A) and

Table I]. GLUTs, XylE, and GlcPSe belong to the

sugar porter (SP) subfamily within the MFS. The

ICH domain may be a characteristic structural fea-

ture of the SP proteins because it hosts a number of

the so-called SP signature motifs.78,79

Figure 2. The structural folds and overall structures of glucose transporters. (A) Structure of GLUTs. The 12 transmembrane heli-

ces were divided into an N domain and a C domain, which are colored green and white, respectively. The intracellular helices

domains (ICH) are colored orange. Shown on the right is the structure of the human GLUT1 (PDB accession code 4PYP). (B)

Structure of SGLTs. The transmembrane helices TM2-11 constitute the “5 1 5” inverted repeats of the LeuT-fold of vSGLT. The

two repeats are colored green and white. The additional transmembrane helices are colored orange. The substrate (galactose) is

indicated by the black hexagon. Shown on the right is the structure of the inward-occluded vSGLT (PDB accession code 3DH4).

(C) Structure of SemiSWEETs. The topology of SemiSWEETs and predicted topology of SWEET1 in human are shown on the left.

All SemiSWEETs form a functional dimer. Each protomer contains three transmembrane helices, which are arranged in a 1–3–2

pattern and colored as white or green. Shown on the right is the structure of LbSemiSWEET (PDB accession code 4QNC). In all

the figures where overall structures are shown, the cytoplasmic side is at bottom if not otherwise indicated.
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(Å
)

L
ig

a
n

d
s

C
on

fo
rm

a
ti

on
P

B
D

a
cc

es
si

on
co

d
e

R
ef

er
en

ce

S
L

C
2

G
L

U
T

1
H

om
o

sa
p

ie
n

s
3
.2

-
In

w
a
rd

-o
p

en
4
P

Y
P

1
4

G
L

U
T

3
H

om
o

sa
p

ie
n

s
1
.5

D
-g

lu
co

se
O

u
tw

a
rd

-o
cc

lu
d

ed
4
Z

W
9

1
5

2
.4

M
a
lt

os
e

O
u

tw
a
rd

-o
cc

lu
d

ed
4
Z

W
B

1
5

2
.6

M
a
lt

os
e

O
u

tw
a
rd

-o
p

en
4
Z

W
C

1
5

G
L

U
T

5
R

a
tt

u
s

n
or

v
eg

ic
u

s
3
.3

O
u

tw
a
rd

-o
p

en
4
Y

B
Q

1
8

B
os

T
a

u
ru

s
3
.2

In
w

a
rd

-o
p

en
4
Y

B
9

1
8

X
y
lE

E
sc

h
er

ic
h

ia
co

li
2
.8

2
.9

2
.6

D
-x

y
lo

se
D
-g

lu
co

se
6
-B

r-
g
lu

co
se

O
u

tw
a
rd

-o
cc

lu
d

ed
4
G

B
Y

4
G

B
Z

4
G

C
0

1
9

3
.8

-
P

a
rt

ly
in

w
a
rd

oc
cl

u
d

ed
4
J
A

3
2
0

4
.2

,
3
.5

-
In

w
a
rd

-o
p

en
4
J
4
A

,
4
Q

IQ
2
0
,2

2
G

lc
P

s
e

S
ta

p
h

yl
oc

oc
cu

s
ep

id
er

m
id

is
3
.2

-
In

w
a
rd

-o
p

en
4
L

D
S

2
1

S
L

C
5

v
S

G
L

T
V

eb
ri

o
p

a
ra

h
a

em
ol

yt
ic

u
s

2
.7

D
-g

a
la

ct
os

e
In

w
a
rd

-o
cc

lu
d

ed
3
D

H
4

2
3

2
.7

-
In

w
a
rd

-o
p

en
2
X

Q
2

2
4

S
L

C
5
0

V
sS

em
iS

W
E

E
T

V
ib

ri
o

sp
.

N
4
1
8

1
.7

-
O

u
tw

a
rd

-o
p

en
4
Q

N
D

2
5

L
b
S

em
iS

W
E

E
T

L
ep

to
sp

ir
a

b
if

le
xa

2
.4

-
O

cc
lu

d
ed

4
Q

N
C

2
5

T
yS

em
iS

W
E

E
T

T
h

er
m

od
es

u
lf

ov
ib

ri
o

ye
ll

ow
st

on
ii

2
.4

-
O

cc
lu

d
ed

4
R

N
G

2
6

E
cS

em
iS

W
E

E
T

E
sc

h
er

ic
h

ia
co

li
3
.0

-
O

u
tw

a
rd

-o
p

en
4
X

5
N

2
7

2
.0

,
3
.0

-
In

w
a
rd

-o
p

en
4
X

5
M

,
4
X

5
N

2
7

550 PROTEINSCIENCE.ORG Structural Investigations of the Glucose Transporters



The structure of human GLUT1 was eventually

reported in 2014.14 The domain organization of

GLUT1, which was captured in an inward-open con-

formation, is similar to XylE [Fig. 2(A) and Table I].

Recently, three structures of human GLUT3 were

obtained, including that of the glucose-bound

GLUT3 in an outward-occluded conformation at 1.5

Å resolution and those of GLUT3 in complex with

the competitive inhibitor maltose in the outward-

open and -occluded states at 2.6 and 2.4 Å resolu-

tions, respectively (Table I).15 The structures of

closely related GLUT1 and GLUT3 in three distinct

conformations reveal the transport cycle of human

glucose transporters and elucidate the molecular

basis for substrate recognition. Most recently, the

structures of rat and bovine GLUT5 were deter-

mined in the outward- and inward-open states,

respectively, and similar working model was

proposed.18

The structural information of SGLTs came from

the homolog vSGLT from Vibrio parahaemolyti-

cus.23 The structures of vSGLT, which shares 32%

sequence identity and 75% similarity with SGLT1,

were obtained in two conformations, inward-open

and inward-occluded, in the presence of a D-galac-

tose [Fig. 2(B) and Table I].23,24 SGLTs belong to

the sodium solute symporter family (SSS), which is

a member of the APC superfamily.80,81 The core

structure of APC members contains the so-called

“LeuT” fold, which consists of 10 TMs that are

organized into a pair of “5 1 5” inverted repeats

with both the N and C termini exposed to the cyto-

plasmic side of the membrane.82 Within each

repeat, the first TM is usually a discontinuous

helix, which is a common feature in secondary

transporters and serves important functions in sub-

strate recognition and transport.17,83 In vSGLT,

TM2-6 and TM7-11 constitute the LeuT fold,

whereas four additional TMs are present on the

periphery [Fig. 2(B)].

There was a structure boom for semiSWEETs

since 2014 with five structures reported for four

semiSWEETS homologs [Fig. 2(C) and Table I],

including VsSemiSWEET from Vibrio sp. N418 and

LbSemiSWEET from Leptospira biflexa in the

outward-open and -occluded states, respectively,25

TySemiSWEET from Thermodesulfovibrio yellow-

stonii DSM 11347 in an occluded state,26 and EcSe-

miSWEET from E. coli in both inward- and

outward-open conformaitons.27 Despite the lack of

significant sequence similarities, these five Semi-

SWEET homologs exhibit identical structural fold

[Fig. 2(C)]. Biochemical studies support the struc-

turally revealed dimeric organization of these Semi-

SWEETs. In each protomer, the three TMs, named

the three-helix bundle (THB), are arranged in a 1–

3–2 pattern [Fig. 2(C)].25

Alternating Access of Glucose Transporters

In 1966, Jardetzky proposed an allosteric model for

membrane transporters later known as the alternat-

ing access mechanism.84 Based on this generic

model, the substrate binding site is alternately

exposed to the two sides of the membrane, that is,

substrate(s) bind to the transporter from one side of

the membrane and are released from opposite side

after conformational changes of the transporters.

According to this model, a membrane transporter

has to undergo cycles of conformational changes

between outward-open and inward-open states. Mul-

tidisciplinary methods have been used to measure

this process, including molecular dynamic simula-

tion and single-molecule FRET.85–88 Nevertheless,

capturing transporters in different conformations

would provide the most straightforward evidence to

test this model. The structural characterizations of

glucose transporters, particularly those of GLUTs

and semiSWEETS, have revealed the molecular

basis for their respective alternating access mecha-

nism (Fig. 3).

As briefly mentioned above, XylE was captured

in three different states, the ligand-bound and

outward-occluded, inward-open, and partly inward-

occluded. Nevertheless, the outward-open conforma-

tion was missing.89 Fortunately, the structures of

the closely related GLUT1 and GLUT3 were

obtained in three important states—outward-open,

outward-occluded, and inward-open—which allow

detailed examination of the conformational shifts

involved in a transport cycle [Fig. 3(A) and Table I].

Structural comparison elucidates relative rotations

of the N and C domains as well as pronounced local

structural shifts within C domain. From outward-

open to inward-open, the two domains undergo a rel-

ative concentric rotation of approximately 168.

Meanwhile, TM7b and TM10b, two corresponding

segments within the two inverted repeats in C

domain, display marked local structural changes.

From outward-open to outward-occluded, TM7b

undergoes both bending and rotation of the short

helix by about 608, which results in the relocation of

two key residues, Asn286 and Tyr290, into the cen-

tral cavity [Fig. 3(B)]. From outward- to inward-

facing, TM10b undergoes an outward swing motion

that results in the reorganization of the substrate-

binding site [Fig. 3(A)].15 In contrast, the N domain

remains rigid during the alternating access cycle.

Aside from the transmembrane region, the ICH

domain undergoes prominent conformational

changes, supporting the notion that it serves as a

“door closer” on the intracellular side.15

The two structures of vSGLT provide two

inward-facing snapshots of SGLTs.23,24 Whereas the

overall structures remain similar, local rearrange-

ment of TM1 and minor rigid body movement result
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in the switch from inward-occluded to inward-open.

In particular, residues Asn64 on TM2 and Tyr263 on

TM7, which are involved in substrate binding and

intracellular gating in the inward-occluded confor-

mation, are dismissed in the inward-open structure

[Fig. 3(C)]. Notably, despite the completely different

folds, the local conformational switches of GLUT3

and vSGLT both occur to discontinuous helices and

involve a sugar-coordinating Asn and a gating Tyr,

suggesting a mechanistic conservation for sugar

transporters in different families.

The crystal structures of SemiSWEETs were

determined at distinct states of a transport cycle. In

particular, the crystal structures of EcSemiSWEET

were captured in both inward-open and outward-

open conformations, allowing identification of the

structural determinants for conformational switches

[Fig. 3(D)].27 The alternating access of the dimeric

SemiSWEET is achieved through a pronounced

inward bending of TM1 in each protomer. A con-

served PQ (Pro-Gln) motif on TM1 serves as the

hinge to promote the “binder clip-like” motion [Fig.

3(D)].27 Another report suggested rigid-body move-

ments between the two protomers of SemiSWEET

that result in the conformational switch.25 Addi-

tional biochemical and biophysical characterizations

are required to elucidate the transport mechanism

of SemiSWEETs.

Substrate Recognition of Glucose Transporters
Elucidating the molecular basis for substrate recog-

nition is a key to the mechanistic understanding of

transporters. The structures of XylE, GLUT1/3, and

vSGLT were obtained in the presence of substrates

or inhibitors, allowing detailed examination of the

molecular basis for substrate selectivity. Despite the

lack of a substrate-bound SemiSWEET structure,

the putative substrate binding site was suggested.

Structures of substrate-bound XylE and GLUT3

as well as a substrate derivative-bound GLUT1

reveal an interesting pattern in substrate recogni-

tion, whereby the substrate is primarily coordinated

by the C domain and the N domain provides the con-

formational switch for alternating access [Figs. 3(A)

and 4(A)].

The structure of GLUT3 in complex with D-glu-

cose at 1.5 Å resolution provides unprecedented

clarity for understanding substrate recognition.15 A

serendipitous discovery bestowed by the high resolu-

tion is that both a- and b-anomers of D-glucose are

Figure 3. The alternating access mechanism of GLUTs, vSGLT, and SemiSWEET. (A) Structural comparison of the outward-

open GLUT3 and the inward-open GLUT1 (PDB accession codes 4ZWC and 4PYP, respectively). Shown on the left are the

cut-open views of the surface representation of GLUT1 and GLUT3. Structural superposition of their C domains reveals local

shifts in TM7b and TM10b, while the N domains remain nearly unchanged. (B) Local shifts of TM7b result in the conformational

changes of GLUT3 from outward-open to -occluded. The superposition of outward-open GLUT3 (green) with the outward-

occluded (white) one reveals pronounced conformational changes of TM7b (PDB accession code for outward-occluded GLUT3:

4ZWB). (C) Local rearrangement of TM2 results in the conformational switch from inward-occluded to inward-open of vSGLTs.

The vSGLTs in the inward-facing and inward-open state are colored white and green, respectively. The TM2 of vSGLT in the

inward-open structure is highlighted by magenta. The rearrangement of the key residues (Ala62/Asn64/Ile65) in TM2 and the

intracellular gate Try263 is shown on the right. (D) Structural comparison of EcSemiSWEET in the outward-open and inward-

open states (PDB accession code 4X5N). The superposition of monomers of EcsemiSWEET in different conformations suggests

that conserved PQ motif in each protomer serves as a hinge for the conformational bending of TM1.
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unambiguously resolved in the structure [Fig. 4(B)].

The prevailing form of D-glucose in aqueous solution

is the b-anomer; however, in the crystal structure of

GLUT3, the a-anomer exhibits a higher occupancy

of 69%. The structure supports that GLUTs may rec-

ognize and transport both D-glucose anomers. Both

anomers are coordinated similarly except for the rec-

ognition of the C1–OH group. D-glucose is primarily

coordinated by polar residues from the C domain,

whereas N domain only contributes one H-bond by a

polar residue on TM5 [Fig. 4(B)]. In addition to H-

bonds, the carbon backbone of the hexose ring is

contoured by six hydrophobic residues with each

domain contributing three [Fig. 4(C)].15

GLUT1 was purified and crystallized in the

presence of the detergent n-nonyl-b-D-glucopyrano-

side (b-NG), which is in fact a derivative of glucose.

The presence of a b-NG molecule in the central cav-

ity of GLUT1 allows tentative examination of sub-

strate binding by GLUTs in an inward-open state.14

Figure 4. Substrate recognition by glucose transporters. (A) Glucose coordination by GLUT3. The D-glucose molecule “stands”

in the cavity between N, C domains and primarily coordinated by the C domain (PDB accession code 4ZW9). The hexose ring

is approximately parallel to the membrane norm. (B) GLUT3 can recognize both anomers of D-glucose. Each and every polar

group of the bound D-glucose is co-ordinated through H-bonds with surrounding polar residues, mainly from the C domain. The

H-bonds are represented by black dashed lines. (C) The carbon ring of D-glucose is surrounded by hydrophobic residues.

Shown here is the a-anomer of D-glucose only. (D) Substrate recognition by vSGLT. The bound galactose “lies” in the middle of

the structures. Its sugar ring is approximately parallel to the membrane plane. (E) Polar contacts of galactose with vSGLT. (F)

Galactose is sandwiched by hydrophobic residues, which serve as extracellular and intracellular gates. (G) Putative substrate

binding site in TySemiSWEET. One sucrose molecule was tentatively assigned to the central pocket in TySemiSWEET (PDB

accession code 4RNG). (E) Putative substrate binding pocket in the large cavity of VsSemiSWEET. The red circle indicates the

putative substrate binding site (PDB accession code 4QND).
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The glucoside is H-bonded to C domain only, while

N domain is out of reach. When the C domains of

the outward-occluded GLUT3 and inward-open

GLUT1 are superimposed, the sugar moieties can be

overlaid despite slight rearrangement of the binding

site. Due to the swing of TM10, Trp386 no longer

participates in glucose binding. The dynamic rear-

rangement of the substrate binding site observed in

the structures provides the molecular basis for the

asymmetric binding affinities measured from the

opposite sides of the membrane.90

Despite the differences of substrate selectivity

and coupling mechanism, the coordination of D-glu-

cose by XylE is similar to that by GLUT3. However,

D-glucose is a competitive inhibitor, but not a sub-

strate, to XylE despite it binds to XylE with a simi-

lar affinity as the authentic substrate D-xyolse. It

remains to be revealed why an additional 6-

hydroxylmethyl group would convert a substrate to

an inhibitor for XylE.

In the structure of vSGLT, the galactose, which

is located halfway of the membrane height, is coordi-

nated by extensive polar and van der Waals interac-

tions [Fig. 4(D)].23 It forms H-bonds with Gln69,

Glu88/Ser91, Asn260, Lys294, and Gln428 from TMs

2, 3, 7, 8, and 11, respectively [Fig. 4(E)]. All these

residues, except for Ser91, are conserved in SGLTs.

The sugar ring is further sandwiched by hydropho-

bic residues, which constitute the extracellular and

intracellular gates in the inward-occluded vSGLT

[Fig. 4(F)].

It is noteworthy that whereas the D-glucose

“stands” along the surface of the C-domain of GLUTs

[Fig. 4(A)], the galactose lies in the central pocket of

vSGLT [Fig. 5(A)]. That is, the sugar ring of glucose

in GLUTs is nearly parallel, while that of galactose

in vSGLT is perpendicular to the membrane norm.

Nevertheless, the coordination of the monosaccha-

ride in GLUT3 and vSGLT follows similar pattern

with polar residues surrounding the hydroxyl groups

and hydrophobic residues cast the contour of the

carbon ring.

The substrate-bound structure of SemiSWEET

is yet to be obtained. Nonetheless, the crystals of

Figure 5. The coupling mechanism of sugar co-transporters. (A) Proton coupling of the D-xylose:H1 symporter XylE. Left panel:

Structural superposition of the ligand-bound, outward-occluded GLUT3 and XylE (PDB accession codes 4ZW9 and 4GBY,

respectively). Middle panel: The 2Fo-Fc electron density of the side chains Asn27 and Arg124 in GLUT3 contoured at 1.5 r.

Right panel: Conformational differences of Asn27 and Arg124 in GLUT3 compared to the corresponding Asp27 and Arg133 in

XylE. The N, C, and ICH domain of GLUT3 are pale green, pale cyan, and pale yellow, respectively, while XylE is colored dark

grey. (B) In the inward-open GLUT1, the freed Arg126 in N domain may form the cation–p interaction with Tyr292 in the C

domain. (C) Structural comparison between vSGLT and LeuT suggests that the Na1 binding site in vSGLT is similar to the Na2

site in LeuT. LeuT and vSGLT are colored as green and white, respectively (PDB accession code 2A65). (D) Potential sodium

coupling mechanism of vSGLT. The residues that may participate in sodium or galactose coordination are shown as sticks. The

Na1 is shown as purple sphere.
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TySemiSWEET were obtained in the presence of

20 mM sucrose. The omit electron density in the

central cavity may correspond to a small molecule,

which was tentatively assigned as sucrose [Fig.

4(G)].26 Similarly, a large cavity in the outward-open

VsSemiSWEET was suggested to be the putative

sugar-binding site [Fig. 4(H)]. Two invariant resi-

dues, Trp and Asn (Trp54 and Asn70 in TySemi-

SWEET, and Trp59 and Asn75 in VsSemiSWEET),

may be involved in substrate recognition in all Semi-

SWEET [Fig. 4(G,H)].27

Coupling Mechanism of Glucose

Co-Transporters
The human GLUTs are glucose uniporters, and

(Semi)SWEETs may also be uniporters. In contrast,

the bacterial homologs of GLUTs and SGLTs are sym-

porters that employ the transmembrane gradient of

H1 or Na1 to drive the uphill translocation of the

substrate sugars against their concentration gradient

across membrane. Structural and biochemical exami-

nations have provided important clues to understand-

ing the molecular mechanism that couples the two

electrochemical gradients by the transporters.

GLUT1 and GLUT3 transport the substrate

down its gradient, a process named facilitative diffu-

sion. However, XylE is an obligatory proton sym-

porter, that is, it cannot transport xylose without

the translocation of proton, vice versa. Biochemical

analysis suggested that a conserved residue Asp27

in XylE, which corresponds to Glu325 in LacY,91

Asp22 in GlcPse,
21 and Asp32 in GalP,92 is critical

for proton coupling, as neutralization of the residue

with Asn or Ala abolished proton gradient-

dependent active transport, but retained counterflow

activity.93

Structural comparison of XylE to GLUT1/3 pro-

vides important insight to the mechanistic interpre-

tation of the biochemical observations. In the

outward-facing XylE structure, Asp27 on TM1 inter-

acts with an invariant Arg133 on TM4 through

extensive H-bonds.19 In GLUT1 and GLUT3, the

corresponding Asp residue is replaced by an Asn,

which can be regarded as a mimetic of permanently

protonated Asp. In the structure of outward-facing

GLUT3, both Asn27 and Arg124 (corresponding to

Arg133 in XylE) undergo conformational changes of

their side groups compared to those in XylE, result-

ing in the loss of interactions between the side

chains of Asn27 with the invariant Arg124 [Fig.

5(A)]. It suggested that the guanidinium group of

the invariant Arg would be released from the

sequestration by Asp within the N domain upon pro-

tonation of the Asp residue [Fig. 5(A)]. In the struc-

ture of inward-open GLUT1, the corresponding

Arg126 appears to interact with a conserved aro-

matic residue Tyr292 in C domain through a cation–

p interaction, which may stabilize the extracellular

gate in the inward-facing conformation [Fig. 5(B)].

Without protonation, the Arg is locked by the depro-

tonated Asp, unable to trigger the outward to

inward switch without the closure of the extracellu-

lar gate. This observation in part addresses the criti-

cal role of protonation for conformational changes

during alternating access cycle. However, the mech-

anism of deprotonation as well as the coupling

between deprotonation and release of substrate by

XylE awaits further investigations.

In the sodium symporter vSGLT, the Na1 and gal-

actose are co-transported at a 1:1 stoichiometric ratio.

Despite that the resolution of vSGLT is insufficient to

assign sodium ions,23 biochemical assay identified one

Na1-binding site in vSGLT. Comparison of the similar

core domains of vSGLT and LeuT suggested that the

Na1-binding site in vSGLT may correspond to the Na2

site in LeuT [Fig. 5(C)].94 Accordingly, Ala62 and Ile65

in the unwound segment from TM2 and Ala361,

Ser364, and Ser365 from TM9 may be involved in Na1

coordination [Fig. 5(D)]. Molecular dynamic simula-

tions of LeuT suggested that the release of sodium

from the Na2 site prompts the release of substrates.95

Similar results were obtained in the molecular

dynamic simulations of vSGLT and the substrate

would be passed to the intracellular gate.24 In vSGLT,

Asn64 in the unwound segment of TM1, which stabil-

izes the intracellular gate residue Tyr263, bridges the

sodium- and galactose-binding sites together [Fig. 5(D),

inset]. It may propagate the signal of sodium and

sugar coupling, a speculation that awaits further

experimental test.

In this review, we briefly summarize the recent

breakthrough in the structural investigation of glu-

cose transporters. Due to the wealth of data concern-

ing the functional and mechanistic characterizations

of sugar transporters, we confined our discussion to

human glucose transporters GLUT1 and GLUT3,

and the bacterial homologs of SGLTs and SWEETs.

During the final revision of this review article, we

noticed that the structure of a eukaryotic SWEET

from Oryza sativa was reported.96 In the homotri-

meric complex, each protomer exhibits the inward-

open conformation. The 7-TM topology of SWEET is

consistent with previous prediction [Fig. 2(C)].

Notwithstanding the exciting achievements in

the structural elucidation of GLUTs, vSGLT, and

SWEETs, the structures represent just a starting

point toward a molecular deciphering of the working

mechanism of these important transporters. The

structures lay out the foundation for further dynamic

and kinetic elucidation of the transport process.
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