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ARTICLE INFO ABSTRACT

Keywords: Sugar will eventually be exported transporters (SWEETs), a novel family of sugar transporters found in both

Oligomerizat.ion o eukaryotes and prokaryotes, facilitate sugar flux across the cell membrane. Although these transporters were first

iﬁSt'tTHSITtlf)nal modification discovered in plants, their homologs have been reported in different organisms. SWEETSs have critical roles in
osphorylation

various developmental processes, including phloem loading, nectar secretion, and pathogen nutrition. The
structure of bacterial homologs, called SemiSWEETs, has been well studied thus far. Here, we provide an
overview of SWEET protein structure and dynamic function by analyzing the solved crystal structures and
predicted models that are available for a few SWEETs in a monocot plant (rice) and dicot plant (Arabidopsis
thaliana). Despite the advancement in structure-related studies, the regulation of SWEETs remains unknown. In
light of reported regulatory mechanisms of a few other sugar transporters, we propose the regulation of SWEETs
at the post-translational level. We then enumerate the potential post-translational modification sites in SWEETSs
using computational tools. Overall, in this review, we critically analyze SWEET protein structure in plants to
predict the post-translational regulation of SWEETs. Such findings have a direct bearing on plant nutrition and

Sugar transporters
Sugar will eventually be exported transporters

defense and targeting the regulation at these levels will be important in crop improvement.

1. Introduction

SWEETs, sugars will eventually be exported transporters, are among
the major transporters found in both eukaryotes and prokaryotes for
facilitating sugar flux across the cellular membrane. SWEET genes and
their homologs are widely distributed across almost all kingdoms of life
(Chen et al., 2010, Chen et al., 2015; Lin et al., 2014), including bacteria
and archaea. The plant genome contains approximately 20 SWEET
paralogs. The model plant Arabidopsis thaliana itself has genes for 17
SWEET members, while only one gene has been reported in animals;
Caenorhabditis elegans is an exception, containing seven paralogs of
SWEET. All eukaryotic SWEETs are constituted by seven predicted
transmembrane (7TM) domains, in which 3TM repeats are connected by
a linker helix. This entire structure is arranged in a 3-1-3 topology in the
cell membrane (Chen et al., 2010). Breakthrough findings via bioinfor-
matics analyses have revealed the presence of SWEET homologs in
bacteria. Since these homologs are composed of only a single 3TM, they

were named SemiSWEETs. The structure of SemiSWEETs indicates the
possibility of duplication of the basic 3TM unit in eukaryotes, which
might have led to the emergence of eukaryotic SWEETs during
evolution.

In plants, SWEETs are mainly localized to the plasma membrane of
the cells and also present on different cell organelles including, endo-
plasmic reticulum, Golgi membrane and tonoplast (Feng and Frommer,
2015) Plasma membrane-localized SWEET transporters efflux sugars
from cytosol into the apoplast and perform specific roles, including
nectar secretion (Eom et al., 2015), apoplastic phloem loading (Chen
et al., 2015), seed filling, and pollen nutrition (Guan et al., 2008; Sun
et al., 2013). Moreover, SWEET proteins are major players in governing
the long-distance distribution of sugars throughout the plant; therefore,
SWEETs must be tightly regulated by the plant to ensure the proper
distribution of sugar to all sink tissues (Chen et al., 2012). Besides their
role in plant growth and development, SWEETs also contribute to
pathogen susceptibility (Chen et al., 2010). A prominent example is rice

Abbreviations: PTM, post-translational modification; RMSD, root mean squared deviation; SWEET, sugar will eventually be exported transporter; THB,

triple-helix bundle; TM, transmembrane domain.
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blight, where the TAL effector produced by the pathogen Xanthomonas
oryzae targets the SWEET gene to drive sugars from the host to provide
nutrition to the pathogen (Chen et al., 2010). Several reports in other
plant species have suggested that SWEETS are targeted by pathogens for
their survival and multiplication (Asai et al., 2015; Chong et al., 2014;
Cohn et al., 2014). Therefore, the effective modulation of SWEETs by
plants is crucial to regulate the sugar flow at the site of infection to
prevent pathogen multiplication.

Despite the considerable advancement in structural and molecular
studies related to SWEETs, the underlying regulatory mechanisms of
these transporters from transcriptional to post-translational levels are
still unexplored. Several studies elucidating the modulation of various
sugar transporters in plants have hinted at the regulation of transporters
at the post-translational level. A recent report showed the regulatory
mechanism of sugar transporter protein 13 (STP13) via phosphorylation
for antibacterial defense in A. thaliana (Yamada et al., 2016). It may
accordingly be inferred that SWEET proteins may also undergo several
post-translational modifications (PTMs) for their regulation. Another
report showed the regulation of plant sucrose transporter 2 (SUC2) via
ubiquitination and phosphorylation (Xu et al., 2020). These findings
point to phosphorylation as one of the most common regulatory gears
for these transporters, and it is therefore plausible that SWEETSs also
undergo phosphorylation. This highlights the need to gain an in-depth
understanding of the SWEET protein structure to predict the possible
regulatory mechanisms. We therefore focused our analyses on identi-
fying the potential sites for amino acid modification through in silico
prediction. In this review, we describe the structure of SWEETS, their
organization in the membrane, and their roles in recognition and sub-
strate binding. In addition, we speculate the possible regulatory mech-
anisms for SWEETs based on reports on the regulation of different sugar
transporters.

2. Structure of SWEETs

To date, the crystal structures of many sugar transporters have been
solved. Different families of membrane transporters share a common
topology required for the proper functioning and stability of membrane
transporters (Jaechme et al., 2015). Structure analysis of SWEETs
revealed the 3-1-3 topology (Chen et al., 2010), with 3TM repeats
containing related amino acid sequences. The 3TM domain carries a
highly conserved proline and glutamine motifs; therefore, SWEETSs are
referred to as PQ-loop family transporters (Faham et al., 2008). This
domain was first identified in the legume Medicago truncatula, hence also
named as MtN3 family transporters (Gamas et al., 1996). In-depth
structural analysis was enabled once the crystal structure of Oryza sat-
iva SWEET2 (OsSWEET2) was solved (Tao et al., 2015). The findings
suggested that each triple-helix bundle (THB) has a characteristic 1-3-2
helix arrangement, similar to that of SemiSWEET THB ( Cheung et al.,
2015; Lee et al., 2015; Wang et al., 2014; Xu et al., 2014). The bacterial
semiSWEET consisting only single THB, shows an intimate interaction
between TM2-TM3 and TM1-TM3 with no less contact of TM1 and TM2,
this interaction provides 1-3-2 arrangement to the semiSWEETs (Feng
and Frommer, 2015). The major facilitator superfamilies (MFSs) depict a
similar type of 1-3-2 structural arrangement of the helix (Wang et al.,
2014; Yan, 2013). Further, the TM4 or the linker helix is inversely fused
between the 3TM repeats, which leads to the parallel orientation of both
THBs. The SWEET homologs in prokaryotes consist only of a single THB,
while the eukaryotic SWEETs are consisting of 2 parallelly oriented THB,
covalently fused by an inversion TM helix named as linker. This fusion of
2THB via linker give rise to an asymmetrical transport route to SWEETSs
for accommodation of various substrate (Feng and Frommer, 2015). The
sequence of the linker helix is found to be non-conserved among the
other members of the SWEET family. The N-terminal domain of the
transporter consists of TM-4 and THB1, while the C-terminal domain
consists mainly of THB2. The crystal structure study of OsSSWEET2b has
clearly shown that the linker helix lies closer to THB1 and barely
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contacts THB2 (Tao et al., 2015). Based on the phosphorylation of the
membrane transporters that mainly occur at the C-terminal, it is pre-
dicted that the C-terminal domain faces the cytosolic side (Niittyla et al.,
2007 7), while the N-terminal of the transporter faces the periplasmic
side.

Through in silico modeling using SWISS-MODEL (Waterhouse et al.,
2018), the orthogonal and surface structures of SWEET2 of A. thaliana
(AtSWEET2), belonging to clade I, have been elucidated, clearly
depicting the 3-1-3 topology of SWEETs in A. thaliana (Fig. 1A and
Supplementary Table 1). Overlapping structures of AtSWEETSs belonging
to four different clades, including AtSWEET2, AtSWEETS8, AtSWEET12,
and AtSWEET17, were generated (Fig. 1B). Next, the structures of
SWEETs in crop plants, including Solanum tuberosum and Oryza punctata,
were generated using AtSWEET13 (PDB ID: 5XPD) as a template (Fig. 1C
and D). Structural analysis of OsSSWEET2b revealed an inward (cyto-
solic) open conformation of SWEETs (Tao et al., 2015). Structural
comparison of AtSWEET2 and S. tuberosum SWEET (StSWEET) by
superpositioning with the solved crystal structure of both AtSWEET13
and OsSWEET2b clearly showed the structures to be well aligned.
Moreover, the analysis showed AtSWEET2 to be more similar to
OsSWEET, with a root mean squared deviation (RMSD) of 0.151 A.
However, StSWEET and O. punctata SWEET showed structural similarity
with AtSWEET13, with RMSDs of 0.074 A and 0.331 A, respectively.
This suggests that model and crop plants share high similarity in the
structure of SWEETSs (Supplementary Fig. 1).

Besides, a few highly conserved and important amino acid residues
were identified by creating mutations. A study by Han et al. (2017)
revealed the presence of Tyr61 on TM2, Tyr183 on TM6, and Asp189 on
loop 6-7 in AtSWEET13. A hydrogen bond is formed between the
carboxyl side chain of Asp189 and tyrosine residues. Y61A and D189A
mutations reduced the transportation activity, clarifying that the inter-
action among the residues plays an essential role in forming the func-
tional transporter. The proline tetrad is another conserved and
important residue. Prolines are thought to be associated with the
structural rearrangement of the transporter. It acts as a hinge for gating
the transport pathway. Moreover, compared to other heptahelical
transporters like G-protein—coupled receptor (GPCR), Pnu transporter,
etc., SWEETs show a completely different spatial transmembrane
arrangement, which makes them an interesting class of transporters to
investigate further (Jaehme et al., 2014, 2015; Yee et al., 2013).

3. Oligomerization of SWEETs

Oligomerization allows the formation of the functional pore that
permits the efficient movement of sugar substrate. The crystal structure
of a few SemiSWEETs and SWEETSs revealed that the dimerization of
these proteins is required for forming a functional pore (Lee et al., 2015;
Wang et al., 2014; Xu et al., 2014). The oligomerization is also reported
for plant aquaporins or aquaglyceroporins in the form of homotetramer,
but it is not necessary for forming a functional pore. The aquaporins or
aquaglyceroporins consist of 6TM, which is sufficient to form a func-
tional pore for the transport of water or sugar alcohol (Gomes et al.,
2009). For bacterial SemiSWEETs 3TM is insufficient to form a func-
tional pore for sucrose transport. Therefore, it was posited that for the
formation of the functional pore, 3TM SemiSWEETSs dimerize, similar to
that of 6TM aquaporins in plant (Xuan et al., 2013). Moreover, based on
the structural analysis of other sugar transporters carrying 12TM do-
mains, it was hypothesized that the 7TM of SWEETSs might not be suf-
ficient for creating a functional pore (Xuan et al, 2013). The
mating-based split ubiquitin assay for all the 17 AtSWEET members of
A. thaliana revealed that eight members could homooligomerize, while
47 heteromer combinations were found (Lalonde et al., 2004 Xuan et al.,
2013) In planta protein-protein interaction analyzed by a split green
fluorescent protein assay revealed that AtSWEETs could homooligo-
merize (Xuan et al., 2013). It is noteworthy that the co-expression of a
mutated and non-functional AtSWEET1 with a functional AtSWEET1
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Figure 1. Structure of SWEETSs in model and crop plants. (A) Orthogonal and surface view of AtSWEETs belonging to four different clades in Arabidopsis. Ribbon
representation (above) and surface representation (below) of AtSWEET2 (clade I). (B), Overlap of modeled AtSWEET2 (clade I) in purple, AtSWEET8 (clade II) in
green, AtSWEET12 (clade III) in blue, and AtSWEET17 (clade IV) in cyan. The structurally variable regions are indicated by arrows, and N- and C- terminals are
marked. (C-D), Ribbon representation of SWEETSs in crop plants (C), Solanum tuberosum and (D), Oryza punctata. The details regarding the topology of SWEETSs are
presented in the Supplementary Table 1.

inhibited the sugar transport activity. Similarly, another study showed (SemiSWEETs tetramer) appears to be necessary for its transport func-
that the oligomerization of the mutated form of OsSWEET11 tion (Fig. 3).
(mSWEET11) with functional OsSWEET11 disrupted sugar transport We hypothesize that the oligomerization state of SWEETs might be

activity (Gao et al., 2018). Thus, the homodimerization of SWEETSs involved in regulating sugar transport. In A. thaliana, Xuan et al. (2013)

Fig. 2. Predicted structure of AtSWEET11 and AtSWEET12 homodimers and heterooligomers. (A-C), Surface view structure of (A), AtSWEET11 homooligomer
(B), AtSWEET12 homooligomer (C), and AtSWEET11 and AtSWEET12 heterooligomer.
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showed that two different AtSWEET monomers can also undergo het-
erooligomerization, including AtSWEET11 and AtSWEET12. Our in silico
study revealed that homo- and heterooligomer structures of AtSWEET11
and AtSWEET12 transporters (Fig. 2) might be possible. These trans-
porters are located in the plasma membrane of phloem parenchyma cells
and are involved in sucrose transportation during phloem loading (Chen
et al., 2012). Considering the location and role of AtSWEET11 and
AtSWEET12 transporters, the oligomerization of both transporters
might regulate their functioning. Although there are no studies available
that can answer why SWEETs form heterodimers and how the hetero-
dimerization affects the sugar transport activity in plants, a biochemical
study showed that the heterooligomerization of SUT1 and SUT2
inhibited sucrose transport (Reinders et al., 2002). This leads us to
predict that heterooligomerization of SWEETSs might cease the transport
activity and that it might be involved in regulating the sucrose transport
dynamics to cope with abiotic or biotic stress.

4. Substrate specificity and binding pocket of SWEETs

Thus far, crystal structure and bioinformatics analyses of bacterial
SemiSWEETs have revealed a lot regarding the architecture of the
transport route and the mechanism of the transport (Guan et al., 2008;
Lee et al., 2015; Xu et al., 2014). The transmembrane structure shields
the transport route in such a way that it is only accessible from either the
extracellular side in an outward open state or from the intracellular side
in the inward open state (Feng and Frommer, 2015). The right
substrate-binding pocket is present above the center of the transporter
protein. Moreover, the size of the substrate-binding pocket varies for
different bacteria. A large substrate-binding pocket may facilitate the
transport of both disaccharides like, sucrose as well as monosaccharides
like, glucose and fructose, while smaller sized pockets can only hold
monosaccharides. Hence, the size of the pocket is very crucial for
determining substrate specificity (Wang et al., 2014). It is interesting to
note that SWEETs are capable of differentiating between mono- and
disaccharides, and are involved in bidirectional transport of these sugars
(Chen et al., 2010; Guo et al., 2014) (Supplementary Table 2).

Sequence analysis of 68 diverse SemiSWEETSs revealed two highly
conserved and essential residues in the substrate-binding pocket: Trp48
and Asp64. The role of these two residues was confirmed in sugar
transport by mutagenesis studies carried out in two bacteria, Leptospira
biflexa (LbSemiSWEET) and Escherichia coli (EcSemiSWEET) (Lee et al.,
2015; Xu et al., 2014). These residues interact with sugar molecules via
H-bonding or aromatic ring stacking. The substrate identified for
LbSemiSWEET and EcSemiSWEET are glucose and sucrose respectively
(Lee et al., 2015; Xu et al., 2014). Further, in OSSWEET2b, a conserved
asparagine pair (Asn77 and Asn197) surrounds the binding pocket at the
equivalent positions. In addition, the presence of Cys58 on THB1 and
Phel81 on THB2 was reported in OsSSWEET2b, while AtSWEET1 con-
tains Ser54 and Trpl76 at equivalent positions (Tao et al., 2015). When
the Trp176 of AtSWEET1 was replaced by alanine, the transport activity
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was found to be abolished, but when replaced with phenylalanine, the
transport activity was not affected. The substitution of Ser54 by alanine
did not affect the transport activity. This suggests that the presence of
one aromatic residue in THB2 instead of THB1 is important for transport
activity, indicating the divergence of THBs in eukaryotic SWEETs to
form an asymmetrical substrate-binding pocket. The substrate-binding
pocket in SemiSWEETSs is considered symmetrical, while in eukaryotic
SWEETs it is highly asymmetrical.

Crystal structure study of AtSWEET1 has revealed an inward-facing
conformation and the role of four major TM domains, TM1, 2, 5, and
6, in the formation of a transport route near the intrafacial side (Han
et al., 2017). In addition, the presence of a proline tetrad in these do-
mains plays a major role in structural rearrangement and conforma-
tional change of the transporters during transport activity. Replacing
any of these prolines abolishes the sugar transport (Tao et al., 2015).
Overall, the availability of the crystal structures of SemiSWEETs and
eukaryotic SWEETs allowed us to better understand the structural fea-
tures and the residues crucial for substrate-binding affinity and transport
activity.

5. In silico prediction of SWEET regulation

PTMs, including phosphorylation, glycosylation, and ubiquitination,
are involved in regulating the dynamics of protein structure and func-
tion in response to stimuli (Deribe et al., 2010). To date, the PTM via
phosphorylation of the sugar transporter protein is the most common
and well-studied regulatory mechanism. To identify the phosphoryla-
tion site, site-directed mutagenesis (Meier et al., 1997), mass spec-
trometry, and in silico prediction tools are being used. For in silico
prediction of phosphorylation sites, several databases are available, such
as UniProt, dbPTM (Lu et al., 2013), and PTMcode (Minguez et al.,
2012).

Putative phosphorylation sites in a few members of AtSWEETSs can be
predicted using the NetPhos 3.1 server (http://www.cbs.dtu.dk/services
/NetPhos/). On analyzing the topology of these transporters and the
scores of NetPhos 3.1, we can find the potential S (serine)/T (threo-
nine)/Y (tyrosine) residues present at the exposed C-terminal of
AtSWEET transporters that may undergo phosphorylation (Supplemen-
tary Table 3). Further, through PyMOL (http://www.pymol.org/), the
surface phosphorylation pattern of AtSWEET2 can be seen (Fig. 3). The
number of residues that can undergo phosphorylation is predicted to be
higher at the intrafacial C-terminal cytosolic side than at the intrafacial
N-terminal cytosolic side. Therefore, these residues can be a putative site
for phosphorylation and can be validated by analysing the available
phosphoproteome profiles of plants and through other experimental
studies. The large scale phosphoproteome profiling in A. thaliana
revealed the phosphorylation of threonine residue located at 276 posi-
tion of AtSWEET11 transporters (Reiland et al., 2009). This can be
further validated by experimental analysis.

Fig. 3. Representative phosphorylation
pattern of AtSWEETSs in Arabidopsis thali-
ana. The surface phosphorylation pattern of
AtSWEET2. The blue region represents the
phosphorylated residues. The surface view
of AtSWEETs is represented from intrafacial
N- terminal cytosolic (left), extrafacial
luminal (middle), and intrafacial C-terminal
cytosolic (right) sides. The details of
sequence analysis for phosphorylated resi-
dues are presented in Supplementary
Table 3. The figures were generated using
PyMOL 2.1.0. (For interpretation of the ref-
erences to colour in this figure legend, the
reader is referred to the Web version of this
article.)
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6. Regulatory mechanisms of other sugar transporters might
reflect SWEET function

Sugar transporters are the major players in the distribution of pho-
toassimilates to various heterotrophic sink organs. Therefore, they are
required to be tightly regulated. Whenever plants experience any con-
dition that enhances the rate of photosynthesis, there is a simultaneous
demand for increased phloem loading to maintain the balance between
the source and the sink (White et al.,, 2016). Plants are constantly
exposed to fluctuating environments, which might affect transport ac-
tivity. Besides abiotic modulations, plants are challenged by pathogen
attacks, and it is already established that these sugar transporters are the
prime target for many foliar pathogens once they colonize inside the
host. Therefore, plants must regulate sugar transporters at various levels
in a manner to minimize the leakage of metabolites towards the path-
ogens. Under all biotic stresses, plants tend to minimize the nutrient
competition between its own tissues and the pathogens (Wang et al.,
2012). Key sugar transporters such as SWEETs, SUCs, and STPs are
connected to the sugar flux of plants but are not reported to be directly
interconnected to each other. We speculate that the regulation mecha-
nism of SUCs and STPs may influence the functioning of SWEETs directly
or indirectly, or SWEETs might get modulated via some mechanisms
similar to these two transporters.

Recently, the regulation of AtSTP13 in A. thaliana was investigated
and showed the phosphorylation-dependent regulation of AtSTP13 to be
critical for providing antibacterial defense (Yamada et al., 2016).
AtSTP13 exists in a complex with FLS2 (leucine-rich repeat receptor of
flg22 in A. thaliana) and a leucine-rich repeat-receptor kinase, BRASSI-
NOSTEROID INSENSITIVE 1 associated receptor kinase (BAK-1) after
flg22 treatment (Yamada et al., 2016). Sequence analysis of STP13
revealed the presence of many serine/threonine residues at its C-ter-
minal. T485 is the site for BAK1-mediated phosphorylation in STP13. In
a nutshell, the phosphorylation of STP13 at T485 position is very crucial
for regulating the sugar content in the apoplast, which leads to the
starvation of apoplast-colonized bacteria and hence confers resistance to
the host plant. Investigations to ascertain the regulatory mechanisms of
the sucrose transporter AtSUC2 in A. thaliana have shown that it con-
tributes to phloem loading (Barberon et al., 2011; Gottwald et al., 2000;
Jones et al., 2014; Rottmann et al., 2018; Stadler and Sauer, 1996;
Truernit and Sauer, 1995). AtSUC2 is involved in the uptake of sucrose,
which is effluxed by SWEETs in the apoplast (Chen et al., 2012). The
phos-tag assays have shown that SUC2 can be phosphorylated. The yeast
two hybrid (Y2H) assay of SUC2 predicted its interaction with a number
of kinases (Jones et al., 2014), out of which WAKLS8 has been verified to
be a central player in the regulation of AtSUC2 via phosphorylation (Xu
et al., 2020). Thus, the regulation of AtSTP13 and AtSUC2 occurs
through phosphorylation that in turn controls the sugar levels in the
apoplast during biotic and abiotic stresses.

7. Conclusion and prospects

Recent research utilizing high-throughput techniques have rapidly
advanced the current knowledge base regarding SWEETs. Various
mutant analyses have uncovered the functions of different SWEET
members, elucidating how these transporters are deeply involved in
diverse physiological processes of plants. Their potential role in sugar
translocation, seed filling, and nectar secretion make them pivotal plant
transporters. The identification of SWEET homologs in various life forms
and the structural clarification of their bacterial homologs, Semi-
SWEETs, have shed light on the evolutionary process of these trans-
porters. Under biotic stress, pathogens residing inside the apoplast
target SWEETSs for facilitating sugar flow in the apoplast to maintain
their population. Despite the advancement in the learnings about these
transporters, many questions remain unanswered. For instance, it is still
unclear how SWEETs regulate sugar flux under various stresses and
adverse conditions. There must exist tight regulatory mechanisms to
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control substrate transportation according to the milieu. To this end, the
regulatory mechanisms of other sugar transporters (AtSUC2 and
AtSTP13) and our in silico analysis provide clues that SWEET trans-
porters might also be regulated via phosphorylation. Second, in silico
analysis of AtSWEET11 and AtSWEET12 yielded putative sites for
phosphorylation, which are required to be tested experimentally, and
crystal structure studies of AtSWEET13 and OsSWEET11 have enhanced
current information on the details of SWEET structure. However, what
makes these transporters recognize their specific substrate is yet to be
clarified. Spectroscopic techniques such as nuclear magnetic resonance
and Forster resonance energy transfer and detailed crystal structure
study of all SWEET members will be key to decipher the dynamics of
these proteins, substrate specificity, and the transport mechanism. For
analyzing the entire regulatory network, the first step will be the iden-
tification of the interacting partners of SWEETs. Finding the answers to
these with the help of advanced structural biology combined with mo-
lecular biology will definitely provide a promising new way to under-
stand the regulatory mechanisms of SWEETs. Dissecting the regulatory
mechanism of SWEETs will be a masterstroke in understanding the
source-sink sugar balance, competition between pathogen and host for
carbon source, and most importantly, will provide an opportunity to
manipulate the sugar transport pathway for increasing crop
productivity.
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