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Abstract: Active transport of sugars into bacteria occurs through symporters driven by ion gradients.
LacY is the most well-studied proton sugar symporter, whereas vSGLT is the most characterized
sodium sugar symporter. These are members of the major facilitator (MFS) and the amino acid-
Polyamine organocation (APS) transporter superfamilies. While there is no structural homology
between these transporters, they operate by a similar mechanism. They are nano-machines driven
by their respective ion electrochemical potential gradients across the membrane. LacY has 12
transmembrane helices (TMs) organized in two 6-TM bundles, each containing two 3-helix TM
repeats. vSGLT has a core structure of 10 TM helices organized in two inverted repeats (TM 1-5 and
TM 6-10). In each case, a single sugar is bound in a central cavity and sugar selectivity is determined
by hydrogen- and hydrophobic- bonding with side chains in the binding site. In vSGLT, the sodium-
binding site is formed through coordination with carbonyl- and hydroxyl-oxygens from neighboring
side chains, whereas in LacY the proton (H3O") site is thought to be a single glutamate residue
(Glu325). The remaining challenge for both transporters is to determine how ion electrochemical
potential gradients drive uphill sugar transport.

Keywords: symporters; lactose permease SGLTSs; structure; function

1. Introduction

Cotransport was first proposed for animal cells by Bob Crane and shortly thereafter
extended to bacteria by Peter Mitchel where the process was renamed symport [1,2]. It is
now well established, that the energy for active transport of sugars, and other substrates,
is provided by ion electrochemical potential gradients across the cell membrane, which
are primarily protons in bacteria and sodium in animal cells. Two of the best-studied
sugar transporters in bacteria have been the proton/lactose symporter (LacY) by Kaback
lab and sodium/glucose (vSGLTs) symporter by the Wright and Abramson labs [3-8].
LacY and vSGLT are members of two distinct super gene families referred to as the MFS
(Major Facilitator Superfamily) and APC (Amino acid Polyamine-organoCation) superfam-
ilies (2.A.1.5.1 and 2.A.21 in the transporter classification database, http://www.tcdb.org,
accessed on 26 February 2021). The E. coli LacY and Vibrio parahaemolyticus SGLT sugar
transporters were amongst the first to be cloned, sequenced, functionally characterized,
and crystalized [3-16]. Although there is no amino acid sequence or structural homology,
they exhibit common transport properties. This review compares the form and function of
LacY and vSGLT to gain insight into their transport mechanisms.

2. Lactose and Glucose Transport

The transport characteristics of the H* /lactose (LacY) and Na*/glucose (vSGLT)
symporters can be summarized in terms of the mechanical model shown in Figure 1.
The transporters, depicted as monomers in the plasma membrane transition through at
least 6-conformational states as they transport their cargo. Protons are unique in their
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ability to drive lactose transport by LacY, while sodium is the preferred cation for vSGLT
with an apparent sodium Ky, in the range of 5-10 mM.
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Figure 1. A model for H* /lactose and Na* /glucose transport by LacY and vSGLT. The transporters are shown as double-

gated integral membrane proteins with a minimum of 6 states that undergo a series of ordered reversible reactions that

drive inward sugar transport. The first step is the binding of external cation (H3O" O or Na* O) that results in the opening

of the external gate (C1 to C2) to allow sugar to bind (C2 to C3). This is followed by closure of the external gate to occlude

the bound sugar from both sides of the membrane (C3 to C4). The subsequent opening of the internal gate permits the

release of sugar and cation into the cytoplasm (C5 to C6) and the return of the protein into the initial conformational state

(C6 to C1). The net result is the obligatory coupling of the inward transport of one cation and one sugar molecule across the

membrane into the cell. The rate and direction of sugar transport depends on the concentrations of ions (proton or sodium)

on each side of the membrane, and the voltage across the membrane.

Uphill transport occurs by obligatory coupling of sugar and cation transport by an
alternative access mechanism where external cation binds first to open the “external gate”
(C1 to C2), permitting external sugar to bind to the transporter in the outward open
conformation (C2 to C3). The outer gate then closes to trap sugar in an occluded state (C4)
before the “inner gate” opens to allow the release of sugar and cation into the cytoplasm
(C5 to C6). The transporter finally reverts to the starting outward conformation to complete
the cycle (C6 to C1). The net result is that 1 cation and 1 sugar are transported across
the membrane in each transport cycle. The rate limiting step for inward symport is the
release of H" and Na* to the cytoplasm (C4 to C5) [1,17]. Each complete cycle takes about
0.05 seconds to complete.

These transporters are totally reversible, where the direction and rate of transport
is simply determined by the sum of the activity of ions (the electrochemical potential)
and sugar (the chemical potential) on each side the membrane. Both transporters are
electrogenic, i.e., transport generates a proton or a sodium current. With equal cation and
sugar concentrations on each side of the membrane, the rate and direction of sugar transport
simply depends on the polarity and magnitude of the voltage across the membrane.
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3. Transported Sugars

Lactose is the natural substrate for LacY with a Ki, of 1 mM. Other lactose analogs,
e.g., B-D-galactopyranosyl-1-thio-3-D-galactopyranoside (TDG) and 4-nitrophenyl-a-D-
galactopyranoside («-NPG), are also slowly transported but with higher affinity [3]. In addi-
tion, LacY is capable of transporting galactose with a low affinity but is unable to transport
glucose or glucosides. On the other hand, vSGLT transports both glucose and galactose
(Km 0.2 mM), while disaccharides are not transported and glucopyranosides are either not
transported or behave as inhibitors, e.g., phlorizin K; 1 mM [15]. The inhibition of human
SGLTs by phlorizin has been exploited by the pharmaceutical industry to develop high
affinity phlorizin analogs for the treatment of Type 2 Diabetes Mellitus [18,19]. Many other
uniporters, symporters and exchangers in the MFS and APC gene families share a similar
alternating access mechanism with variations in the cation/substrate coupling (0 to 3) and
may be electrogenic or not. For example, the human glucose transporter GLUT1 is neither
ion coupled nor electrogenic [20].

4. Biochemistry

The MFS and APC genes are expressed in all life forms. The LacY gene was the first
member of the MFS family to be cloned and sequenced [3]. The predicted 46.5 kDa protein
contains 12 transmembrane o-helices [3]. Similarly, the vSGLT gene was the bacterial
member of the APC family to be cloned and sequenced [4,10]. The predicted 58.9 kDa
protein contains 14 transmembrane o-helices [4,11]. The APC family members range
anywhere from 11-15 transmembrane o-helices [11]. Prior to solving the atomic structures
extensive biochemical work confirmed the predicted mass and «-helical content of LacY
and vSGLT, e.g., by electron-spray ionization mass (ESI-MS) and circular dichroism (CD)
spectroscopy [4,16,21]. These transporters are fully functional as monomers, but they also
share a remarkable property in that when the N- and C- halves are expressed independently
(in the same cell) they form fully functional proteins. This demonstrates that the split
proteins can assemble into fully functional transporters in the plasma membrane [3,12].

5. Overall Structure

The structure of LacY was the first symporter to be determined [9]. Subsequently
structures of other conformations, outward-open, inward-open, and partially occluded
sugar bound, have been resolved [22-27]. Crystal structures of vSGLT have been solved
in the inward open and the inward open sugar occluded conformations [5,6]. Homology
models are also available for the outward facing SGLT conformations based on the outward
facing structure of the Proteus mirablis salic-acid transporter SiaT [28]: vSGLT and SiaT
share 24% sequence identity and 40% similarity [8,29]. The fidelity of outward facing
homology models were tested by functional assays on mutated essential residues [29].

The X-ray structures of LacY and vSGLT share several features in common in that
they are polytopic integral membrane proteins with 12-14 irregular transmembrane helices
with distorted bends and kinks (Figure 2). In LacY, the 12 TM helices are organized into
two six-helix bundles with a long cytoplasmic loop between TM6 and TM7. Within each
six-helix bundle, there are two three-helix inverted repeats. There is an obvious aqueous
channel stretching from the cytoplasm to the empty sugar binding site (see below). In sub-
sequent structures, the sugar «-NPG was observed in this central cavity (Figure 2). In the
initial structure of vSGLT, it was found to have 14 irregular trans-membrane helices with
galactose bound in a central occluded cavity (Figure 3). Just below the bound sugar, there
is an aqueous channel that leads to the cytoplasm (see below). vSGLT contains two five
transmembrane helices in an inverted repeat, TM1-TM5 and TM6-TM10, that is conserved
within the APC superfamily. In order to ease comparison of the inverted repeat, between
members of the APC family, the vSGLT helices were renumbered from TM-1 to TM13 [30].
Although there is no amino acid homology between the five-TM repeats in vSGLT, or any
other APC proteins, there is a close structural homology between the repeats (RMSD 4
A). The inverted repeat is related by a 153° rotation parallel to the membrane plane. Two
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helices from each repeat, TM1, TM2 and TM6, TM7, surround the bound sugar (the sugar
or bundle domain) and this is surrounded by two helices from each repeat, TM3, TM4 and
TMS8, TM9 (the scaffold domain). Two long helices from each domain, TM5 and TM10,
are referred to as the gating domain, connects the sugar and scaffold domains. There is
high structural homology between this pair of helices in each inverted repeat (RMSD 0.9
A). Finally, each protein contains several short extramembrane helices (Figure 3) that have
been implicated in the regulation of transport in other MFS and APC proteins.

Figure 2. The core domain of the inward-occluded conformation of LacY (PDB: 4ZYR). Side view
of LacY in the plasma membrane highlighting the x-NPG binding site. In this orientation, the cyto-
plasmic side of the protein is up. The characteristic 6TM repeat is shown in blue (TM1-TM6) and red
(TM7-TM12) with the putative protonation site E325 (green) and substrate NPG (orange) spheres.
Inset, shows the location of the protonation site E325 (green) in relation to NPG (orange) with their
corresponding coordinating residues. The galactosyl subunit of x-NPG is coordinated by H-bonds to
side chains on TMs 5, 8 and 10, and hydrophobic stacking to Tyr256 on TM7. Note that two “kinked”
(unwound) helices, TM7 and TM10, help accommodate the sugar in the binding site. Atoms are
displayed in ball-and-stick form with oxygen colored (red) and nitrogen colored (blue).

Figure 3. The core domain of the inward-occluded conformation of vSGLT (PDB: 3DH4). The charac-
teristic 5TM inverted repeat is shown in blue (TM1-TM5) and red (TM6-TM10) with the driving ion
Na* (green) and substrate galactose (orange) spheres. Inset, shows the location of Na* (green) in
relation to galactose (orange) with their corresponding coordinating residues. The sugar is accom-
modated in the middle of the membrane by a space created in part by “kinked” (unwound) helices
TM1 and TM6. As with LacY, the sugar is coordinated by H-bonds to polar side chains on TM1, TM2,
TM6, TM7 and TM10) and hydrophobic stacking of the pyranose ring to Trp263. The presumptive
sodium binding site is located between TM1 and TM8 some 10 A distant from the sugar binding site.
Atoms are displayed in ball-and-stick form with oxygen colored (red) and nitrogen colored (blue).
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6. Sugar Binding Sites

In both LacY and vSGLT, a single sugar binding site was identified midway across
the protein (Figure 2), whose architecture remains fixed and independent of sugar occu-
pancy and protein conformation [3,5,6,8,29]. In each case, the galactosyl polar groups are
hydrogen-bonded to polar side chains on residues lining the binding site, and the pyranose
ring stacks with the ring structures of a neighboring tryptophan (LacY) or tyrosine (vSGLT)
residues. The -OH groups of galactose in the LacY structure are hydrogen bonded to Tyr256
(TM7) Glu269 (TMS8), Asn272 (TM8), and His322 (TM10); and in vSGLT Q69, (TM1) E88
(TM2), K294 (TM7) N260 (TM6), and Q428 (TM10). Collectively, TM1, TM2, TM6 and TM7
in vSGLT is referred to as the “sugar bundle”, while TM3, TM4, TM8 and TMO9 are referred
to as the scaffold domain.

7. Ion Binding

While there is no structural evidence for the location of the H* binding site in LacY,
there is substantial biochemical evidence. E325 on TM10 (Figure 2) is required to be
protonated for lactose symport or exchange and is likely the primary functional binding
site [3]. The putative Na* binding site for vSGLT is located 10 A away from the sugars
binding site (Figure 3), and Na* is coordinated by 2 hydroxyl side chains, S354 and S355 on
TMS8 and the carbonyl oxygens of A62 and 165 on TM1 and A361 on TMS. This site, referred
to as Na2, is conserved in other members of the APC superfamily. While it is difficult to
definitively resolve Na* by- X-ray crystallography, there is substantial biochemical and
biophysical data supporting its location [5,6,31].

8. Sugar Access to Its Binding Site

An obvious question regarding the location of the central sugar-binding site is how
do sugars enter and leave on each side of the membrane? The answer is that there is
coordinated opening and closing of aqueous channels at the external and internal faces
of the proteins as they undergo the transport cycle (Figure 1), which is evident from
structures in different conformations (Figures 4 and 5). On the extracellular surface, an
aqueous channel leads to the sugar binding site in the outward facing conformation
while the intracellular channel is closed. Although it has been a challenge to obtain the
structures of LacY and vSGLT in the outward-facing confirmation, a LacY double tryptophan
mutants (G46W /G262W) [22-27] and homology models [8,29] (see Figures 4A and 5A)
point to these transitions. The LacY external channel opening to the sugar binding site
is narrow (4 A) diameter and lined by the external ends of TM1, TM4, TM7 and TM10.
The crystal structure shows a constriction at F27, yet there is rapid binding of oversized
external galactosides to the LacY sugar binding site, which stabilize an outward-open
conformation [32]. This emphasizes the conformational flexibility of the extracellular
aqueous channel, and the limitations on the interpretation of static crystal structures.
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Figure 4. Topology of LacY and vSGLT. LacY shows N-terminal TM 1-6 and C-terminal TM 7-12
domains, and each domain contains a 3TM inverted repeat, a common feature of MFS transporters.
The 4 short cytoplasmic helices, C1-C4, are also conserved in members of the MFS family, but there
is no evidence that they regulate transport activity in LacY. vSGLT has 14 TM helices, TM-1 to TM13
and four short extramembrane helices, C1, E1, E2 and E3. In common with other APC transporters,
vSGLT contains a core of 10 transmembrane helices, TM1-TM10, organized in a 5 TM inverted repeat,
TM1-TM5 and TM6-TM10. The numbering of the TM helices is simply to facilitate comparison with
other APC transporters (Abramson & Wright 2009).

-

Figure 5. Alternating access of LacY. (A) Slice through surface of the partial outward structure of LacY
(PDB: 5GXB) viewed from the membrane plane showing the extracellular cavity (blue mesh). (B) Slice
through surface of the inward-facing structure of LacY (PDB: 1PV6) in the membrane plane showing
the intracellular cavity (blue mesh). The characteristic 6TM repeat is shown in blue (TM1-TM6) and
red (TM7-TM12) and the surface is shown in beige.
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The external channel of vSGLT is lined by TM1, TM2, TM6 and TM10, leads to
the sugar binding site (Figure 6). It is large enough to accommodate the diffusion of
galactose and large galactoside inhibitors to the sugar-binding site when it is open in the
presence of external sodium [15]. The architecture of the human SGLT isoform has been
extensively probed using functional assays, molecular modelling, labelling of glucose
binding site cysteine mutants with TAMRA-MTS, and the binding of potent glucoside
inhibitors [29,33]. The glucose moiety of the inhibitors binds to the glucose-binding site,
and the aglycone occupies the outer hydrophobic vestibule some 8 A from the substrate-
binding site. After sugar binding, the external channel closes by an inward tilt of the
external end on TM10 towards TM1e and TM2e, and the collapse of extracellular loops E2
and E3 into the channel (Figure 3). The back flux of bound galactose into the extracellular
solution is also impeded by a hydrophobic gate formed by M73 (TM1), Y87 (TM2) and
F424 TM10) [5]. This ‘seal’ is not perfect as molecular dynamic studies indicate that it is
permeable to water and galactose, but not sodium. Galactose back flux to the extracellular
side, through this gate, occurs at a rate about 10% of that to cytoplasmic surface [7].
The extracellular galactose escape is due side chain motions of M73, Y87 and F424 rather
than global conformational changes.

Figure 6. Alternating access of vSGLT. (A) Slice through surface of the outward-facing model viewed
from the membrane plane showing the extracellular cavity (blue mesh) [8,29]. (B) Slice through
surface of the inward-facing structure of vSGLT (PDB: 3DH4) in the membrane plane showing the
intracellular cavity (blue mesh). Helices showing large structural rearrangement are colored green
(TM1), blue (TM6) and red (TM10) with the surface is shown in beige.

The cytoplasmic aqueous channel leading from the lactose binding site to the cyto-
plasm is evident from multiple crystal structures (Figure 4B). This 25 A deep by 10 A wide
channel is lined by the internal ends of TM2, TM5, TMS, and TM11. In biochemical studies,
with LacY locked in the inward facing conformation, substrates on the external surface do
not access the lactose binding site, whereas substrates on the cytoplasmic surface have
unrestricted access to down this channel [32,34].

The cytoplasmic channel of vSGLT is formed by the internal ends of TM1, TM2, TM3,
and TM7. After Na* and galactose release the volume of the channel increases by ~1500 A3
due in part to a 6° rigid rotation of the sugar and scaffold domains and the outward
flexing of the cytoplasmic end of TM1 by ~13° [6]. Extensive molecular dynamic studies
of galactose release from the crystal binding site shows that the sugar freely exits to the
cytoplasm by diffusion down this channel [6,7,35]. In the human SGLTs, large glucosides,
e.g., phlorizin, are not able to enter the sugar binding site from the cytoplasm site as judged
by the lack of phlorizin inhibition and binding [29].
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9. Isomerization between the Outward and Inward Conformations

While there is overwhelming biochemical and structural evidence for alternating
access model for lactose and glucose symport (Figure 1), we require a further structural
analysis of the conformational changes between the outward facing ligand bound and
inward facing ligand-free states (Figures 4 and 5). The objective is to arrive and test
mechanical symport models, as exemplified by those for the F;/F, ATP synthase [36].
For symporters and antiporters there is active consideration of rocking bundle, and elevator
models. For LacY the rocking bundle model involved a rigid concentric rotation of the N-
and C-terminal domains by 16° and local changes in the two kinked helices TM7 and TM10
(Figure 4). Whereas for APC transporter the rocking bundle model involves a 29° rotation
of the scaffold (TM3, TM5, TMS8, and TM9) domain relative to the hash (TM1 TM2, TM6
and TM7) domain, and local changes in TM5 and TM10) (Figure 5). These transitions are in
generally consistent with biochemical and biophysical data [3,8], but there are obviously
oversimplifications with current models.

10. Conclusions

This survey of the structure and function of LacY and vSGLT—two sugar symporters
in different gene families with different structural folds—has highlighted their very close
functional similarities. Both transporters share kinetic properties: ligand binding is ordered,
cation first; transport of ion and sugar is strictly coupled with prohibited leakage of cation
or sugar; the process is electrogenic; and that the rate and direction of transport is simply
determined by the sum of the driving forces (chemical and electrochemical potentials).
Uphill (active) transport of each ligand can simply be driven by gradients of the partner
ligand, or by voltage in the absence of ligand concentration gradients, i.e., they behave as
perfect thermodynamic machines. Both transporters are monomers with a central sugar
binding site with aqueous channels leading to their sugar binding sites from the external
and cytoplasmic solutions. It is the reciprocal opening and closing of these channels that are
key structural basis for the alternating access transport model (Figure 1). Binding of external
cations, H or Na*, cause the external vestibule to open and permit sugar binding that in
turn leads successively to the closure of external channel and opening of the cytoplasmic
channel. While the turnover of the transport cycles is slow, ~20 s~!, cation binding is
fast, approaching diffusion limitation, and the activation energy for ligand binding is low
(<5 kcal/mole). The isomerization of the loaded and unloaded carriers is relatively slow,
50 s~1, but the activation energy is between 25 and 30 kcal/mole. What is not known at
present is how ligand binding produces these ordered conformations changes.

Clues have emerged about mechanisms from the subtle changes in atomic structure of
the protein in different conformations, and more will certainly come from structures in all
the conformational states (Figure 1). Thus far, in the case of LeuT, the foremost member
of the APC superfamily, atomic structures have been in reported for five intermediate
state [37] but little information is available about the probability of these states occurring in
the natural transport cycle. Further progress will require functional data on each step in the
transport cycle. This may be achieved by CryoEM of proteoliposomes where the symporters
are held in intermediate states by a judicious combination of external and internal ligand
and inhibitor concentrations and a controlled membrane potential. Dynamic information
has already been obtained for partial steps in the transport cycle using stop flow [38],
and perturbation methods such as voltage-jumps [1,31,33]. Finally, we conclude that much
has to be gained by functional studies on symporters, antiporters and uniporters with
differing structural motifs. LacY and vSGLT share common functional properties but have
different structural folds, whereas LacY and GLUTs share a common structural fold while
the former is a symporter and the latter are uniporters.



Int. J. Mol. Sci. 2021, 22, 3572 9 of 10

Author Contributions: Both authors contributed equally. Both authors have read and agreed to the
published version of this manuscript.

Funding: This research was funded by grants from the National Institutes of Health (JA R35GM135175
and EMW DK19567).

Conflicts of Interest: The authors declare that they have no conflict of interest. The sponsors had no
role in the design of the study, the collection, analyses on the interpretation of the data, in the writing
of the manuscript, or in the decision to publish the results.

References

1. Wright, EM,; Loo, D.D.E; Hirayama, B.A. Biology of Human Sodium Glucose Transporters. Physiol. Rev. 2011, 91, 733-794.
[CrossRef]

2. Mitchell, P. Molecule, Group and Electron Translocation Through Natural Membranes. In The Structure and Function of Membranes
and Surfaces of Cells; Biochemical Society Symposium, No 21; Bell, D.J., Grant, ] K., Eds.; Cambridge University Press: London,
UK, 1962; pp. 142-168.

3.  Kaback, HR,; Guan, L. It takes two to tango: The dance of the permease. J. Gen. Physiol. 2019, 151, 878-886. [CrossRef] [PubMed]

4. Turk, E; Kim, O,; le Coutre, J.; Whitelegge, J.P.; Eskandari, S.; Lam, J.T.; Kreman, M.; Zampighi, G.; Faull, K.F,; Wright, EM.
Molecular characterization of Vibrio parahaemolyticus vSGLT: A model for sodium-coupled sugar cotransporters. J. Biol. Chem.
2000, 275, 25711-25716. [CrossRef] [PubMed]

5. Faham, S.; Watanabe, A.; Besserer, G.M.; Cascio, D.; Specht, A.; Hirayama, B.A.; Wright, EIM.; Abramson, J. The Crystal Structure
of a Sodium Galactose Transporter Reveals Mechanistic Insights into Na* /Sugar Symport. Science 2008, 321, 810-814. [CrossRef]
[PubMed]

6.  Watanabe, A.; Choe, S.; Chaptal, V.; Rosenberg, ] M.; Wright, E.M.; Grabe, M.; Abramson, J. The mechanism of sodium and
substrate release from the binding pocket of vSGLT. Nat. Cell Biol. 2010, 468, 988-991. [CrossRef]

7. Adelman, J.L.; Ghezzi, C.; Bisignano, P.; Loo, D.D.E; Choe, S.; Abramson, J.; Rosenberg, ].M.; Wright, E.M.; Grabe, M. Stochastic
steps in secondary active sugar transport. Proc. Natl. Acad. Sci. USA 2016, 113, E3960-E3966. [CrossRef] [PubMed]

8.  Paz, A, Claxton, D.P; Kumar, J.P; Kazmier, K.; Bisignano, P.; Sharma, S.; Nolte, S.A.; Liwag, T.M.; Nayak, V.; Wright, EM.; et al.
Conformational transitions of the sodium-dependent sugar transporter, vSGLT. Proc. Natl. Acad. Sci. USA 2018, 115, E2742-E2751.
[CrossRef] [PubMed]

9. Abramson, J.; Smirnova, L; Kasho, V.; Verner, G.; Iwata, S.; Kaback, H.R. The lactose permease of Escherichia coli: Overall
structure, the sugar-binding site and the alternating access model for transport. FEBS Lett. 2003, 555, 96-101. [CrossRef]

10. Sarker, RI; Okabe, Y.; Tsuda, M.; Tsuchiya, T. Sequence of a Na* /glucose symporter gene and its flanking regions of Vibrio
parahaemolyticus. Biochim. Biophys. Acta BBA Biomembr. 1996, 1281, 1-4. [CrossRef]

11.  Turk, E.; Wright, E. Membrane Topology Motifs in the SGLT Cotransporter Family. J. Membr. Biol. 1997, 159, 1-20. [CrossRef]

12.  Xie, Z.; Turk, E.; Wright, E.M. Characterization of the Vibrio parahaemolyticus Na* /Glucose Cotransporter. J. Biol. Chem. 2000, 275,
25959-25964. [CrossRef] [PubMed]

13.  Veenstra, M.; Turk, E.; Wright, E. A Ligand-dependent Conformational Change of the Na*/Galactose Cotransporter of Vibrio
parahaemolyticus, Monitored by Tryptophan Fluorescence. . Membr. Biol. 2002, 185, 249-255. [CrossRef] [PubMed]

14. Veenstra, M.; Lanza, S.; Hirayama, B.A.; Turk, E.; Wright, E.M. Local Conformational Changes in the Vibrio Na*/Galactose
Cotransporter. Biochemistry 2004, 43, 3620-3627. [CrossRef]

15. Leung, D.; Turk, E.; Kim, O.; Wright, E. Functional Expression of the Vibrio parahaemolyticus Na*/Galactose (vSGLT) Cotrans-
porter in Xenopus laevis Oocytes. J. Membr. Biol. 2002, 187, 65-70. [CrossRef]

16. Turk, E.; Gasymov, O.K; Lanza, S.; Horwitz, ].; Wright, EIM. A Reinvestigation of the Secondary Structure of Functionally Active
vSGLT, the Vibrio Sodium /Galactose Cotransporter. Biochemistry 2006, 45, 1470-1479. [CrossRef] [PubMed]

17. Garcia-Celma, J.J.; Ploch, J.; Smirnova, I.; Kaback, H.R.; Fendler, K. Delineating Electrogenic Reactions during Lactose/H"
Symport. Biochemistry 2010, 49, 6115-6121. [CrossRef]

18. Gallo, A.L.; Wright, E.M.; Vallon, V. Probing SGLT2 as a therapeutic target for diabetes: Basic physiology and consequences.
Diabetes Vasc. Dis. Res. 2015, 12, 78-89. [CrossRef]

19. Rieg, T.; Vallon, V. Development of SGLT1 and SGLT2 inhibitors. Diabetologia 2018, 61, 2079-2086. [CrossRef] [PubMed]

20. Yan, N. A Glimpse of Membrane Transport through Structures—Advances in the Structural Biology of the GLUT Glucose
Transporters. J. Mol. Biol. 2017, 429, 2710-2725. [CrossRef] [PubMed]

21. Le Coutre, J.; Whitelegge, ].P.; Gross, A.; Turk, E.; Wright, E.M.; Kaback, H.R.; Faull, K.E. Proteomics on Full-Length Membrane
Proteins Using Mass Spectrometry. Biochemistry 2000, 39, 4237-4242. [CrossRef] [PubMed]

22. Guan, L;; Mirza, O.; Verner, G.; Iwata, S.; Kaback, H.R. Structural determination of wild-type lactose permease. Proc. Natl. Acad.
Sci. USA 2007, 104, 15294-15298. [CrossRef]

23. Kumar, H,; Kasho, V.; Smirnova, I.; Finer-Moore, J.S.; Kaback, H.R.; Stroud, R.M. Structure of sugar-bound LacY. Proc. Natl. Acad.
Sci. USA 2014, 111, 1784-1788. [CrossRef] [PubMed]

24. Kumar, H.; Finer-Moore, ].S.; Kaback, H.R.; Stroud, R.M. Structure of LacY with an alpha-substituted galactoside: Connecting the

binding site to the protonation site. Proc. Natl. Acad. Sci. USA 2015, 112, 9004-9009. [CrossRef] [PubMed]


http://doi.org/10.1152/physrev.00055.2009
http://doi.org/10.1085/jgp.201912377
http://www.ncbi.nlm.nih.gov/pubmed/31147449
http://doi.org/10.1074/jbc.M003127200
http://www.ncbi.nlm.nih.gov/pubmed/10835424
http://doi.org/10.1126/science.1160406
http://www.ncbi.nlm.nih.gov/pubmed/18599740
http://doi.org/10.1038/nature09580
http://doi.org/10.1073/pnas.1525378113
http://www.ncbi.nlm.nih.gov/pubmed/27325773
http://doi.org/10.1073/pnas.1718451115
http://www.ncbi.nlm.nih.gov/pubmed/29507231
http://doi.org/10.1016/S0014-5793(03)01087-1
http://doi.org/10.1016/0005-2736(96)00025-9
http://doi.org/10.1007/s002329900264
http://doi.org/10.1074/jbc.M002687200
http://www.ncbi.nlm.nih.gov/pubmed/10852908
http://doi.org/10.1007/s00232-001-0127-9
http://www.ncbi.nlm.nih.gov/pubmed/11891582
http://doi.org/10.1021/bi0357210
http://doi.org/10.1007/s00232-001-0152-8
http://doi.org/10.1021/bi052160z
http://www.ncbi.nlm.nih.gov/pubmed/16445289
http://doi.org/10.1021/bi100492p
http://doi.org/10.1177/1479164114561992
http://doi.org/10.1007/s00125-018-4654-7
http://www.ncbi.nlm.nih.gov/pubmed/30132033
http://doi.org/10.1016/j.jmb.2017.07.009
http://www.ncbi.nlm.nih.gov/pubmed/28756087
http://doi.org/10.1021/bi000150m
http://www.ncbi.nlm.nih.gov/pubmed/10757971
http://doi.org/10.1073/pnas.0707688104
http://doi.org/10.1073/pnas.1324141111
http://www.ncbi.nlm.nih.gov/pubmed/24453216
http://doi.org/10.1073/pnas.1509854112
http://www.ncbi.nlm.nih.gov/pubmed/26157133

Int. J. Mol. Sci. 2021, 22, 3572 10 of 10

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Kumar, H.; Finer-Moore, ].S.; Jiang, X.; Smirnova, I.; Kasho, V.; Pardon, E.; Steyaert, J.; Kaback, H.R.; Stroud, R.M. Crystal
Structure of a ligand-bound LacY—Nanobody Complex. Proc. Natl. Acad. Sci. USA 2018, 115, 8769-8774. [CrossRef] [PubMed]
Kumar, H.; Finer-Moore, J.; Smirnova, I.; Kasho, V.; Pardon, E.; Steyaert, J.; Kaback, H.R.; Stroud, R.M. Diversity in kinetics
correlated with structure in nano body-stabilized LacY. PLoS ONE 2020, 15, e0232846. [CrossRef] [PubMed]

Jiang, X.; Smirnova, I.; Kasho, V.; Wu, J.; Hirata, K.; Ke, M.; Pardon, E.; Steyaert, J.; Yan, N.; Kaback, H.R. Crystal structure of
a LacY-nanobody complex in a periplasmic-open conformation. Proc. Natl. Acad. Sci. USA 2016, 113, 12420-12425. [CrossRef]
[PubMed]

Wahlgren, W.Y,; Dunevall, E.; North, R.A.; Paz, A.; Scalise, M.; Bisignano, P.; Bengtsson-Palme, J.; Goyal, P.; Claesson, E.;
Caing-Carlsson, R; et al. Substrate-bound outward-open structure of a Na*-coupled sialic acid symporter reveals a new Na* site.
Nat. Commun. 2018, 9, 1-14. [CrossRef]

Bisignano, P.; Ghezzi, C.; Jo, H.; Polizzi, N.F.; Althoff, T.; Kalyanaraman, C.; Friemann, R.; Jacobson, M.P.; Wright, E.M.; Grabe, M.
Inhibitor binding mode and allosteric regulation of Na*-glucose symporters. Nat. Commun. 2018, 9, 1-10. [CrossRef] [PubMed]
Abramson, J.; Wright, E.M. Structure and function of Na*-symporters with inverted repeats. Curr. Opin. Struct. Biol. 2009, 19,
425-432. [CrossRef]

Loo, D.D.F; Jiang, X.; Gorraitz, E.; Hirayama, B.A.; Wright, E.M. Functional identification and characterization of sodium binding
sites in Na symporters. Proc. Natl. Acad. Sci. USA 2013, 110, E4557-E4566. [CrossRef]

Smirnova, I.; Kasho, V,; Jiang, X.; Chen, H.M.; Withers, S.G.; Kaback, H.R. Oversized galactosides as a probe for confor-mational
dynamics in LacY. Proc. Natl. Acad. Sci. USA 2018, 115, 4146—4151. [CrossRef]

Gorraitz, E.; Hirayama, B.A.; Paz, A.; Wright, EM.; Loo, D.D.E. Active site voltage clamp fluorometry of the sodium glucose
cotransporter hSGLT1. Proc. Natl. Acad. Sci. USA 2017, 114, E9980-E9988. [CrossRef] [PubMed]

Smirnova, I.; Kasho, V,; Jiang, X.; Kaback, H.R. An Asymmetric Conformational Change in LacY. Biochemistry 2017, 56, 1943-1950.
[CrossRef] [PubMed]

Choe, S.; Rosenberg, ].M.; Abramson, J.; Wright, EIM.; Grabe, M. Water permeation through the sodium-dependent galactose
cotransporter vSGLT. Biophys. ]. 2010, 99, L56-L58. [CrossRef] [PubMed]

Walker, ].E. The ATP synthase: The understood, the uncertain and the unknown. Biochem. Soc. Trans. 2013, 41, 1-16. [CrossRef]
[PubMed]

Gotfryd, K.; Boesen, T.; Mortensen, ].S.; Khelashvili, G.; Quick, M.; Terry, D.S.; Missel, ].W.; Levine, M.V.; Gourdon, P; Blan-
chard, S.C.; et al. X-ray structure of LeuT in an inward-facing occluded conformation reveals mechanism of substrate release. Nat.
Commun. 2020, 11, 1-14. [CrossRef] [PubMed]

Smirnova, I.; Kasho, V.; Kaback, H.R. Real-time conformational changes in LacY. Proc. Natl. Acad. Sci. USA 2014, 111, 8440-8445.
[CrossRef]


http://doi.org/10.1073/pnas.1801774115
http://www.ncbi.nlm.nih.gov/pubmed/30108145
http://doi.org/10.1371/journal.pone.0232846
http://www.ncbi.nlm.nih.gov/pubmed/32380514
http://doi.org/10.1073/pnas.1615414113
http://www.ncbi.nlm.nih.gov/pubmed/27791182
http://doi.org/10.1038/s41467-018-04045-7
http://doi.org/10.1038/s41467-018-07700-1
http://www.ncbi.nlm.nih.gov/pubmed/30532032
http://doi.org/10.1016/j.sbi.2009.06.002
http://doi.org/10.1073/pnas.1319218110
http://doi.org/10.1073/pnas.1800706115
http://doi.org/10.1073/pnas.1713899114
http://www.ncbi.nlm.nih.gov/pubmed/29087341
http://doi.org/10.1021/acs.biochem.7b00134
http://www.ncbi.nlm.nih.gov/pubmed/28300394
http://doi.org/10.1016/j.bpj.2010.08.055
http://www.ncbi.nlm.nih.gov/pubmed/20923633
http://doi.org/10.1042/BST20110773
http://www.ncbi.nlm.nih.gov/pubmed/23356252
http://doi.org/10.1038/s41467-020-14735-w
http://www.ncbi.nlm.nih.gov/pubmed/32081981
http://doi.org/10.1073/pnas.1408374111

	Introduction 
	Lactose and Glucose Transport 
	Transported Sugars 
	Biochemistry 
	Overall Structure 
	Sugar Binding Sites 
	Ion Binding 
	Sugar Access to Its Binding Site 
	Isomerization between the Outward and Inward Conformations 
	Conclusions 
	References

