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Eukaryotic sugar transporters of the MFS and SWEET superfamilies
consist of 12 and 7 a-helical transmembrane domains (TMs), re-
spectively. Structural analyses indicate that MFS transporters
evolved from a series of tandem duplications of an ancestral 3-TM
unit. SWEETs are heptahelical proteins carrying a tandem repeat of
3-TM separated by a single TM. Here, we show that prokaryotes
have ancestral SWEET homologs with only 3-TM and that the Bra-
dyrhizobium japonicum SemiSWEET1, like Arabidopsis SWEET11,
mediates sucrose transport. Eukaryotic SWEETs most likely
evolved by internal duplication of the 3-TM, suggesting that Semi-
SWEETs form oligomers to create a functional pore. However, it
remains elusive whether the 7-TM SWEETSs are the functional unit
or require oligomerization to form a pore sufficiently large to
allow for sucrose passage. Split ubiquitin yeast two-hybrid and
split GFP assays indicate that Arabidopsis SWEETs homo- and het-
erooligomerize. We examined mutant SWEET variants for negative
dominance to test if oligomerization is necessary for function. Mu-
tation of the conserved Y57 or G58 in SWEET1 led to loss of activ-
ity. Coexpression of the defective mutants with functional A.
thaliana SWEET1 inhibited glucose transport, indicating that
homooligomerization is necessary for function. Collectively,
these data imply that the basic unit of SWEETSs, similar to MFS
sugar transporters, is a 3-TM unit and that a functional trans-
porter contains at least four such domains. We hypothesize that
the functional unit of the SWEET family of transporters possesses
a structure resembling the 12-TM MFS structure, however, with
a parallel orientation of the 3-TM unit.

evolution | transporter structure

Sugars are the predominant carbon and energy source for pro-
and eukaryotes (1, 2). Unicellular organisms acquire sugars
as a carbon and energy source, and multicellular organisms use
sugars, such as glucose or sucrose, for translocation between
cells, tissues, and organs (3). Cellular uptake and efflux of sugars
across the plasma membrane is one of the most important pro-
cesses for growth and development, and is critical for human
health as well as crop productivity (1, 4). Extensive studies have
identified three principle superfamilies of sugar transporters: the
MES superfamily, which includes the sugar transporter prototype
Lactose Permease (5) and human GLUT glucose uniporters;
sodium-dependent glucose transporters (6); and a unique class of
sugar transporters, the SWEETs (4, 7). SWEETS play important
roles in pollen nutrition (8), phloem loading, and pathogen
susceptibility (4, 9). Arabidopsis thaliana (At)SWEET17, a vacu-
olar sugar transporter, was shown to control fructose content in
plant leaves (10), whereas OsSWEET11 (Os8N3/Xal3) and
OsSWEET14 (Os11N3) from rice are targets of disease-causing
microbes, which divert plant sugars for their own use (4, 7, 11-13).
The Caenorhabditis elegans homolog Swt-1 mediates glucose and
trehalose transport and plays an important physiological role,
which was shown by reduced brood size, altered life span, and
changes in lipid content in worms in which Swz-1 expression was
inhibited by RNAI.

www.pnas.org/cgi/doi/10.1073/pnas.1311244110

Phylogenetically, SWEETs belong to the MtN3-like clan.
According to a database of protein families that includes their
annotations and multiple sequence alignments (PFAM), the
MtN3-like clan contains five families (http:/pfam.sanger.ac.uk/
clan/MtN3-like): MtN3/saliva (PF03083), PQ-loop (PF04193),
UPF0041 (PF03650), ER Lumen Receptor (PF00810), and Lab-
N (PF07578). Eukaryotic MtN3/saliva and PQ-loop proteins are
composed of seven predicted transmembrane domains (TMs)
and serve functions in sugar and amino acid transport, re-
spectively (14-17). The UPF0041 family contains 3-TM proteins,
which serve as mitochondrial pyruvate transporters in yeast,
Drosophila, and humans (18, 19). SWEETs from human, C.
elegans, and the sea squirt Ciona as well as plant genomes are
composed of 7-TM containing two conserved MtN3/saliva motifs
embedded in the tandem 3-TM repeat unit, which is connected
by a central TM helix that is less conserved, indicating that it
serves as a linker. The resulting structure has been described as
the 3-1-3 TM SWEET structure (7). Here, we carried out
a careful bioinformatic analysis and identified SWEET homologs
in prokaryotes (SemiSWEETS), and we show that they can me-
diate sucrose transport. Interestingly, prokaryotic SemiSWEETs
contain only a single 3-TM unit, possibly indicating that SWEETs
evolved from a duplication of the basic 3-TM unit, which con-
tains a PQ-loop motif. Because SemiSWEETsS, like their
eukaryotic counterparts, are functional when expressed by
themselves in heterologous expression systems, it is most likely
that they function as SemiSWEET oligomers.

Aquaglyceroporins are built from 6-TM that forms a pore that
allows passage of a variety of small molecules, including sugar
alcohols (20). It is, therefore, conceivable that dimers of Semi-
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SWEETs or monomers of SWEETs could form sugar-trans-
locating pores, although it may be more likely that additional
subunits are required to form a pore that is sufficiently large for
sugar permeation. We analyzed oligomerization using the split
ubiquitin and split GFP systems and show here that SWEETS can
form oligomers. Negative dominance is a powerful tool for in-
vestigating the interaction between transporter subunits. For
example, coexpression of functional and defective ammonium
transporters was key for showing that the trimeric complex is
regulated allosterically through a C-terminal transactivation
domain (21-23), whereas the lack of inhibition of transport in
a fusion consisting of a functional and a defective Lac permease
unit provided evidence that the 12-TM structure serves as the
functional unit (24). Here, we show by coexpression of func-
tional and defective SWEETS that oligomerization is essential
for function, indicating that the functional unit of SWEETs
comprises four 3-TM units, which are similar but distinct
structures from the structures used in MFS sugar transporters.

Results

Identification of Bacterial SemiSWEETs. To investigate whether
prokaryotic genomes carry SWEET homologs, extensive BLAST
and PFAM searches were conducted. Over 90 homologs from 61
different prokaryotic genera were identified. A phylogenetic tree
was constructed with one representative homolog from each
genus (Fig. 1 and Table S1). Most of the homologs belong to the
PQ-loop family and contain a single PQ-loop motif, which is
embedded in a 3-TM structure (PFAM). By contrast, PQ-loop
members in eukaryotes, such as the SWEETs, have 7-TM, an
internal repeat of the 3-TM unit, and each one contains one PQ-
loop motif (15-17). Because of their structure, the prokaryotic
homologs were named SemiSWEETs. The proteins are found
widely dispersed across the prokaryotic kingdom, including ar-
chaea and eubacteria. We did not observe a consistent pattern of
SemiSWEET association with other genes across all organisms,
but we did find some of the bacterial PQ-loop genes located in
sugar metabolism-related operons (e.g., glycogen metabolism, PII
transporters, and 6-phospho-p-glucosidase) (Fig. S1).

Sucrose Transport Activity of Bradyrhizobium japonicum SemiSWEET1.
To test whether SemiSWEETS transport sugars, ORFs for
eight SemiSWEET homologs (Bradyrhizobium japonicum (Bj)
NP_773100.1; Geobacter metallireducens: YP_006720336.1; Cyano-
thece sp.: YP_001804114.1; Rhodothermus marinus: YP_003291276.1;
Thermodesulfovibrio yellowstonii: YP_002249334.1; Treponema den-
ticola: NP_973127.1; Lactobacillus casei: YP_806002.1; and Nostoc sp:
NP_484838.1) were amplified and cloned into a Gateway entry vec-
tor. Inserts were mobilized into destination vectors for expression in
oocytes, HEK293T cells, and yeast cells. We did not observe glucose
uptake activity in any of the expression systems. However, when
coexpressed with an FRET sucrose sensor in human HEK293T cells,
a system previously used to identify plant and animal SWEET: (4, 7),
sucrose uptake activity was detected for BjSemiSWEET1 from B.
japonicum USDA 110 (Gene ID: 1047436; gi27375111: 7112216~
7112476) (Fig. 24). We also did not observe glucose uptake activity
when expressing BjSemiSWEET1 in a yeast hexose transport mutant
(Fig. 34). SWEETS do not seem to use a proton-coupled transport
mechanism, and thus, are considered to function as uniporters (4, 7).
As uniporters, SWEETSs could function in sucrose efflux down
a concentration gradient. A variety of cyanobacterial species accu-
mulate high levels of cytosolic sucrose as an osmolyte under con-
ditions of osmotic stress (25), and this property has been exploited for
the production of carbohydrate feed stocks from cyanobacteria (26—
28). We tested the sucrose efflux capacity of SWEETS by expressing
AtSWEETI1 and SemiSWEETS in Synechococcus elongatus PCC
7942 and measuring the accumulation of extracellular sucrose in
cyanobacterial cultures exposed to osmotic stress. SWEET-
expressing cyanobacteria were grown for 12 h under continuous
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light, and NaCl was added to induce the accumulation of cy-
tosolic sucrose available for efflux. The results show that
BjSemiSWEET1 and AtSWEET11 function as sucrose efflux-
ers. AtSWEET11 seemed slightly more effective at exporting
sucrose, particularly at low osmotic pressures (Fig. 2B). To-
gether, the data from two different expression systems show
that Bradyrhizobium BjSemiSWEET1, similar to its plant
SWEET11 counterpart, can mediate cellular sucrose uptake
and efflux.

Coexpression of Two Halves of AtSWEET1 Complements Glucose
Transport Activity in Yeast. Because the 3-TM containing BjSe-
miSWEET1 was sufficient for sucrose transport activity in both
cyanobacterial and human HEK293T cells and because 3-TMs
are insufficient to form a functional pore that can conduct su-
crose, it is likely that SemiSWEETSs dimerize to create a func-
tional pore similar to the 7-TM (3-1-3) SWEETS. To address this
question, the first and second 3-TMs of the 7-TM glucose
transporter AtSWEET1 were expressed separately in yeast; each
half contains one 3-TM MtN3/saliva motif (based on TMHMM
transmembrane helix analysis). The first half contained TM he-
lices 1-4 (N'12! 2%} 'whereas helices 5-7 (C'#*7**7 #) were used
as the second half. When the 3-TM halves were expressed sep-
arately in the yeast hexose transport mutant EBY4000, neither of
them alone could transport glucose (Fig. 34). However, trans-
port activity was reconstituted when the two halves were coex-
pressed, indicating a functional interaction between the two
separately expressed domains. BjSemiSWEET1 could not sub-
stitute the function of either of the halves of AtSWEET]1, al-
though its 3-TM unit is closely related to both AtSWEET1 halves
(Fig. 34). Interestingly, although the fourth TM is the least
conserved among the 7-TM of the SWEET family and thus, is
considered to serve as a linker that helps orient the repeat units
in a parallel configuration, attachment of TM4 to the first 3-TM
half of AtSWEET1 seemed essential (Fig. 34 and Fig. S2A4);
additional analysis showed that BjSemiSWEET1-GFP does not
seem to be targeted to the plasma membrane but rather, accu-
mulates in intracellular compartments of yeast (Fig. S2B). To-
gether, these results support the hypothesis that SemiSWEETs
form at least dimers to assume a configuration similar as in
structure of eukaryotic SWEETS to assemble a functional sugar-
translocating pore.

Oligomerization of Arabidopsis SWEETs and Bradyrhizobium
BjSemiSWEET1. Given that other known sugar transporters of the
MES family are built from 12-TM, one may hypothesize that 7-TM
may be insufficient to form a pore large enough to allow for su-
crose transport. It is, therefore, conceivable that SWEETs function
as higher-order oligomers (e.g., dimers), whereas SemiSWEETSs
function as tetramers.

To directly test the ability of 3-TM SemiSWEETs and 7-TM
SWEETS to form homo- or heterooligomers, interactions were
tested systematically using the mating-based split ubiquitin assay
(29). All 17 Arabidopsis SWEETs and BjSemiSWEET were
fused C-terminally to NubG (N-terminal ubiquitin domain car-
rying a glycine mutation) or Cub (C-terminal ubiquitin domain
driven by methionine repressible MET25 promoter and fused to
the artificial PLV transcription factor). NubWT and NubG were
used as positive and negative controls, respectively, to test the
affinity to Cub-SWEETs or Cub-BjSemiSWEET in parallel, be-
cause some constructs are able to autoactivate. The interactions
were tested on synthetic dextrose (SD) media (-Trp, -Leu, and -His)
by monitoring yeast cell growth. BjSemiSWEET is capable of
forming a homooligomer in yeast (Fig. 3B). Homooligomeriza-
tion of BjSemiSWEET was also observed in the split GFP system
(30) (Fig. 3C); in total, 20 SWEET interaction pairs were ob-
served. Eight SWEETs (SWEET2, -3, -6, -8, -12, -13, -15, and
-17) showed autoactivation when expressed as Cub fusions and

Xuan et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1311244110/-/DCSupplemental/pnas.201311244SI.pdf?targetid=nameddest=ST1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1311244110/-/DCSupplemental/pnas.201311244SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1311244110/-/DCSupplemental/pnas.201311244SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1311244110/-/DCSupplemental/pnas.201311244SI.pdf?targetid=nameddest=SF2
www.pnas.org/cgi/doi/10.1073/pnas.1311244110

L T

/

1\

BN AS PN AN D

A
g ® =
% 3 5
o« % % 3
Q %% B £
S, . 3 (%}
2 C 5
q?‘o f/‘ 04 g; 3 &
% 4 % 9 i
% o R 9 %Y 7
c %, > % S z °
6/9 %% KN S ONECH
0, %, %,
Yo % % %
’770/) &,7(/ %‘4 0.2
e,
’/)40 &
"7y
413.“, % 0.4
Q
4 .
/(Uen N R Qe !
ia g, try 06
Iens/.s
Ottsis .
Sia r/CkettS[
Xanth 0.8
OMongas
aX0nopoijs
Methanosaeta thermophila
Hippea maritime
ila
umop\'\l\
Legionella Pn€
. cU
cortis § rroicic
o W
’(,\'\a“ . as<;‘(\\\
o
adococ ©
‘(\3“0('. K\
N\e’(. oM ©
ot ¢
ot xC -
( ®
e W o
. 2 & N
e 3 & o
C o & '\'bQI
N '\ B 0\ >
< X% & 2
\\60 ((:,(, QA ‘;\% §
NG g By L e
$\'\\ S & § o
& Q?O N kej S ,%’ %)
g s & § g8 & E
@ ) & & & 5 5
& & ¥ g g2 8
& & s 5§ 585 %
GL' N S Q 7] 8 £
& ¥ § 5 £ 8
Yy § 5 o & E
S Q ¢ S €
&S § 3 15 S
é\ ZJQ o :3 s
S & S = 2
< 5 § 8§ 8
%) q & 3
I 8 <
5 5 %
& o 3
) =i
- (¥

Fig. 1.

wv
=)
-
o
wv
<
=
L o
g
3
g
9 g
g § .
2 S & IS
5 R £ & r ¢
¥ & § 9o F ¥
= s P s
3 2 g & 8 £ o
= 2 9 S 0 N &>
£ £ S g < & N
(7] o $ Q Q 3
w & 5 &5 X & S
8 &y L & &
85 E S
F g F & .
Q 9 O < o
o g & L
© \60 {1$ ,\’L (’e‘;’
E & <<,<<z &
32 A) o8
S £ &
N o .
X «° e
W S AN
o S A
Q ~\\0‘°° <
< e
(s}
Ol’a(\ ; ae(ug\ﬂ
. coN
\cXO
W errogd®
ira \n
¥ p‘\.OSp
. Sis
Dokdonia donghaer
z
Krokinobacter sp. 4H-3-7-5 G
=
Run i . z
ella slithyformis g
Acid, a
Obacteriumc
y apsulat,,
ell;
/Iagalattn
" Bacte Voran
r
70¢, ,Oo/ySi
or, A .
Gy, Oco, "ae
Or, Cy,
e.o 06/2/ 9
‘-&, J‘% ’7)// ) /,)"S
C, 7
¢ %, % A
% %y 0y,
3 % % %o
RO ) . S,
[RC RN %y, 2
T 2 T B % S
-2 T % % N S,
z 8 8 T 5 72 % % 7%
£E25% %% B 9 %
£ 2 2 % &% % %
£ 2 € ¢ @ % >
S 3 g ¢ % 5 %
2 3 3 < < 2 %
c 4 T 2 3 0 2.
= © o) ° ) ©° o9
8 c o ¥ © L 5,
> ¢ 3 5 % %
55 E R
[ 4 Q
5 3 T %
3 ° °

Br

A phylogenic (neighbor-joining) tree of 62 PQ-loop proteins from prokaryotes and eukaryotes. The PQ-loop proteins showed here are listed in Table

S1. Arabidopsis thaliana (At), Homo sapiens (Hs) and Bradyrhizobium japonicum (Bj). Protein sequences were aligned with ClustalW, and the phylogenic tree

was constructed with MEGAS5.1.

therefore, initially could not be scored (Fig. S3). Because Cub
fusions are expressed from the methionine-repressible MET25
promoter, increasing the amount of methionine in the media
decreases the expression level of Cub fusions, thereby increasing
the interaction stringency. Application of 500 pM methionine
did not completely inhibit autoactivation of six SWEET-Cubs
(SWEET2, -3, -12, -13, -15, and -17), whereas two SWEET-Cubs
(SWEET2 and -3) showed significantly reduced autoactivation.
A total of 40 more SWEET interaction pairs was identified un-
der the more stringent (500 pM methionine) media conditions
(Fig. S4). The analysis indicates that at least eight of the
SWEETs can form homooligomers; also, we observed 47 het-

Xuan et al.

erooligomers (Fig. 4 and Figs. S3 and S4). Because both in-
sufficient expression levels and autoactivation restrict the testable
combinations, we likely underestimate the number of possible
interactions. To independently test interactions using an ortholo-
gous assay and determine whether the interactions can also occur in
planta, oligomerization was tested for 13 pairs using the split GFP
assay (30). The NH2-proximal half of the YFP (nYFP) and C-
proximal half of the CFP (cCFP) were fused to the C terminus of five
different AtSWEETs (AtSWEET1, -4, -6, -8, and -11), and fusion
proteins were transiently coexpressed in Nicotiana benthamiana
leaves. The split GFP data confirm that SWEETS can form homo-
oligomers, specifically for SWEET], -8, and -11 (Fig. 5). By contrast,

PNAS Early Edition | 3 of 10
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Fig. 2. A prokaryotic PQ-loop protein functions as a sucrose transporter. (A) The prokaryotic PQ-loop protein, BjSemiSWEET1, and AtSWEET11 from Arabidopsis were
coexpressed with the sucrose FRET sensor FLIPsuc90mA1V (n > 8) in HEK293T cells. A decrease in biosensor FRET was observed upon addition of sucrose to the culture
in AtSWEET11- and BjSemiSWEET 1-expressing cells. HEK293T cells transfected with the sensor plasmid only served as a negative control. (B) Sucrose efflux assay from S.
elongatus PCC 7942 overexpressing AtSWEET11 and BjSemiSWEET during a 12-h incubation in BG11 media with the indicated NaCl concentration; sucrose was
measured from culture supernatants to determine rate of sucrose export (n > 18). Assays were repeated at least three times; error bars indicate SD.

homooligomerization of SWEET6 was not observed in the split GFP  planta (Fig. 5C), whereas no oligomerization was detected in the
assay. Interestingly, SWEET4 was found to form homooligomersin  yeast two-hybrid system. Importantly, all interactions seemed to
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Fig. 3. Coexpression of AtSWEET1 N and C halves
or BjSemiSWEET1 in a yeast hexose transporter
mutant EBY4000 and homooligomerization of
BjSemiSWEET1. (A) The yeast colonies were first
grown on SC (Ura- and Trp-) with 2% maltose and
then streaked on SC (Ura- and Trp-) with glucose;
they grew for 4 d. C'?27247 22 half size of AtSWEET1
contained the second MtN3 motif; N'-'2' 2, half
size of AtSWEET1 contained the first MtN3 motif
and TM4; Neg, empty vectors pDRf1 plus p112AINE
as a negative control; Pos, yeast hexose transporter
HXT5 as a positive control. The yellow columns
represent TMs 1-3, whereas the red columns rep-
resent TMs 5-7 of AtSWEET1. The blue columns
represent the fourth TM of AtSWEET1, and 3-TMs of
BjSemiSWEET are the black columns. (B) Split ubig-
uitin assay for homooligomerization of BjSemiSWEET1.
Interactions of BjSemiSWEET-Cub fusion with BjSemi-
SWEET1-Nub fusion and a WT variant of Nub (NubWT)
or mutant variant of Nub (NubG) were tested. Yeast
growth assays on an SC medium (-His, -Trp, and —Leu).
(C) Split GFP assays for BjSemiSWEET1 homooligome-
rization. BjSemiSWEET1-nYFP+BjSemiSWEET1-cCFP is
shown in Upper, and BjSemiSWEET1-nYFP+cCFP is
shown in Lower. Agrobacterium-mediated transient
expression of indicated constructs in N. benthamiana
leaves. (Left) Reconstitution of YFP-derived fluorescence.
(Right) Bright field images. (Scale bar: 20 pm.)
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SWEET17]

autoactivation marked with gray boxes.

occur at the plasma membrane except for AtSWEET1, for which
interactions were observed in the endoplasmic reticulum (ER) and
vesicular compartments (Fig. 54). The localization in endogenous
membrane compartments is consistent with other transient expres-
sion analyses performed with an AtSWEET1-YFP fusion in Arabi-
dopsis protoplasts (31) (Fig. S5), but it contrasts with data obtained
in stably transformed Arabidopsis transformants (7). It is likely that
overexpression of SWEET-GFP fusions in protoplasts or tobacco
can lead to mistargeting. Together, our results support the hypothesis
that SWEET proteins form homo- or heterooligomeric complexes.

Identification of Key Amino Acids Required for AtSWEET1 Transport
Activity. One way of analyzing the necessity of dimerization for
function is to test whether nonfunctional forms of the protein
can inactivate functional transporters (22, 23). As a first step to
testing negative dominance, it was necessary to identify trans-
port-deficient mutants. We rationalized that highly conserved
residues may be important for activity. Analysis of alignments of
SWEETs selected from different plant species identified high11y
conserved amino acid residues (Fig. S6). Six positions (P>, P*,
Y57 G, Y, and Glso) in three different TM were selected for
site-directed mutagenesis (Fig. 64). Glucose transport activity
was tested by expression in the glucose uptake-deficient yeast
strain EBY4000 and subsequent monitoring of growth of yeast
colonies on media containing glucose as the sole carbon source
(32). Four mutations (P*T, YA, G®*D, and G'*'D) abolished
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glucose transport activity, whereas the other two mutants (P**T
and Y'”?A) seemed unaffected (Fig. 6). To exclude that the lack
of complementation is caused by a trafficking defect that leads to
reduced accumulation of the SWEET protein at the plasma
membrane, we localized C-terminal GFP fusions using confocal
microscopy in yeast (Fig. 7). We were able to confirm previous
reports showing that AtSWEET1-GFP fusions localize to the
plasma membrane of yeast and retain glucose transport activity
(72) (Fig. S7). GFP fusions of wild type SWEET1 and SWEET]I-
P?T, -PPT, -G*®D, and -Y'7°A were all detectable at the plasma
membrane (Fig. 7). By contrast, SWEET1-G'"*"D-GFP showed
significantly reduced plasma membrane localization, whereas
SWEET1-Y>’A-GFP accumulated predominantly in intracellular
compartments. SWEET1-P*T and -G*®D were characterized by
loss transport activity, although plasma membrane localization
seemed unaffected, indicating that these mutations led to non-
functional transporters. Loss of glucose transport activity of
SWEET1-Y>’A and -G'®°D may be caused either solely by mis-
targeting of proteins or by both loss of transport/dimerization
capacity and targeting defects.

AtSWEET1 Mutants Inhibit Functional SWEETs in a Dominant Negative
Fashion. To test whether the nonfunctional SWEET1 mutants
interact and inhibit the activity of coexpressed functional trans-
porters, SWEET1 was coexpressed with each of four non-
functional mutants (P*T, Y¥’A, G*®*D, and G'¥'D). Wild type
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SWEET1-nYFP/
SWEET1-cCFP

SWEET4-nYFP/
SWEET4-cCFP
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Fig. 5. Split GFP assays for SWEET homooligomerization. Agrobacterium-
mediated transient expression of indicated constructs in N. benthamiana
leaves. Reconstitution of YFP-derived fluorescence and bright field images
are shown in Left and Right, respectively. Chlorophyll autofluorescence is
marked with red, and the white arrows indicate attachment of chloroplast
to the plasmolyzed plasma membrane. SWEET4, -8, and -11 YFP samples
were plasmolyzed in 4% NacCl. (Scale bars: 20 um.) Reconstitution of YFP
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SWEET1 was expressed from the strong ADH promoter, whereas
the mutants were expressed from the strong PMA1 promoter
(fragment). Analysis of yeast colony growth on the media with
glucose as the sole carbon source showed that SWEET1-P*T
and -G'™'D led to slightly reduced glucose transport activity,
whereas SWEET1-Y*’A and -G**D dramatically inhibited wild
type SWEET1 activity (Fig. 8). Based on the localization of the
mutants, we can differentiate two types of negative dominance;
coexpression of SWEET1-Y>”A with a functional SWEET results
in the complete loss of SWEET1 activity, perhaps caused by
oligomerization within the trafficking pathway, leading to re-
tention of the transporter and supporting notion that SWEET1
forms functional homooligomers (Figs. 7/ and 8). Importantly,
SWEET1-G*®*D, which seemed unaffected with respect to plasma
membrane targeting, also inhibited SWEET] activity when coex-
pressed with wild type transporter (Figs. 7K and 8). Taken to-
gether, these results strongly suggest that SWEET monomers are
not capable of forming sugar-translocating pores on their own but
require oligomerization for transport activity.

Discussion

SWEETs are an important superfamily of sugar transporters
with critical roles in plants, animals (4, 7, 13), and potentially,
a variety of microorganisms. SWEETs differ in both primary
sequence and predicted structure from two other classes of sugar
transporters, the MFS family members [including Lac permease,
GLUT glucose transporters (SLC2), STPs proton glucose cotrans-
porters, and SUT sucrose proton cotransporters] and from the
the sodium-dependent glucose transporters (SLCS). All eukary-
otic SWEETS identified to date are composed of a direct repeat
of a 3-TM that is separated by TM4. Because of the low sequence
conservation of TM4, it most likely serves as a domain inversion
linker (Fig. S6) (7, 33). Here, we identified prokaryotic homo-
logs, which all contain only a single 3-TM, and show that BjSe-
miSWEET]1 from Bradyrhizobium mediates import and efflux of
sucrose, similar to clade IIT plant SWEETs. This finding suggests
that eukaryotic SWEETS in plants and humans have evolved
from a 3-TM unit by tandem duplication and fusion with in-
sertion of TM4. If one assumes that SemiSWEETs and SWEETs
insert preferentially into the membrane in a configuration in
which the N terminus points to the outside, the additional fourth
TM in SWEETs helps reorient the second repeat unit into the
same orientation as in an SemiSWEET dimer. In contrast to
SemiSWEETsS, which have to form homooligomers to create a
functional pore, the individual halves of SWEET1 do not seem
to be able to assemble into a functional homodimer by them-
selves. However, when expressed separately, the two halves as-
semble into a functional glucose transporter. Moreover, SWEETSs
most likely have to form at least dimers (SemiSWEETS tet-
ramers) to allow for creation of a functional pore. This hypothesis
is supported by the finding that SWEETSs can homo- and heter-
ooligomerize and the demonstration that nonfunctional SWEETs
can block the activity of functional SWEETSs when coexpressed.
Together, our data suggest that SWEETS evolved by duplication
and fusion of an SemiSWEET 3-TM unit, and most likely, the
pore is formed by a SWEET dimer (SemiSWEET tetramer),
creating a core structure of 12-TM with two linker TMs (TM4).
Functional SWEETS, thus, seem to be similar in size to MFS
transporters but different in that SWEETs may be built from
parallel 3-TM units (N terminus always outside), whereas MFS
transporters have an antiparallel organization of their four 3-TM
units (Fig. 9) (34). Our data do not exclude the possibility that,

proteins from coexpressing (A and B) SWEET1-nYFP+SWEET1-cCFP, (C and D)
SWEET4-nYFP+SWEET4-cCFP, (G and H) SWEET8-nYFP+SWEET8-cCFP, and
(/and J) SWEET11-nYFP+SWEET11-cCFP but not from coexpressing (E and F)
SWEET6-nYFP+SWEET6-cCFP.
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Fig. 6. Functional analysis of mutant AtSWEET1 proteins by complemen-
tation of yeast hexose transport defective strain EBY4000: (A) 7-TM with
duplication of the first and last three TMs and six mutation sites in three
different TM are shown, and (B) growth assays of mutant AtSWEET1 pro-
teins expressed in EBY4000 yeast strain were performed on YNB media
containing 2% glucose or maltose. Except for SWEET1 mutants carrying P*T
and Y'7°A, other mutations (P?*T, Y>’A, G°®D, and G'°D) in SWEET1 lead to
loss of glucose transport activity. Empty (pDRf1) vector and AtSWEET1 were
used as the negative and positive controls, respectively. Yeast cells were
grown at 30 °C for 4 d.

like the MFS transporter GLUT1, the 12-TM units create the
pore but can assemble into multibarreled oligomers (35).

B. japonicum BjSemiSWEET1 Mediates Sucrose Transport. SWEETSs
were reported as a unique class of heptahelical sugar trans-
porters belonging to the MtN3/saliva family members (4, 7, 33).
Database searches helped identify over 90 putative PQ-loop
proteins from different prokaryotes. In contrast to the eukaryotic
SWEETs, all analyzed members from prokaryotes harbor only
3-TM. Among eight SemiSWEETs tested, the B. japonicum
BjSemiSWEET1 mediated sucrose transport when expressed in
HEK293T cells (Fig. 2). Whether sucrose is the native substrate
or whether the other homologs also transport sucrose but are not
targeted efficiently enough to the plasma membrane of
HEK293T cells remains to be tested. BjSemiSWEET1 belongs to
a PQ-loop protein family with 3-TM structure from prokaryotes,
which has sugar transport activity. Previously, two UPF0041
family members with 3-TM had been identified as mitochondrial
pyruvate transporters (18, 19), and the PQ-loop proteins PQLC2
and YPQs were shown to mediate transport of cationic amino
acids (15). Together, the MtN3-like clan seems to consist of
transporters for sugars, organic acids, and amino acids.
SemiSWEETs are widespread and found in archaea and
eubacteria; however, they occur only in a limited number of
species. They are essentially absent from fungi, where we only
found one member in an oomycete, the plant pathogen Phy-
tophthora. Interestingly, SemiSWEETSs are present in a couple
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of bacteria that are associated with plants (e.g., Bradyrhizobium
and Erwinia). The analysis of semisweet mutants is expected to
provide insights into the role of these transporters in bacteria and
Phytophthora. The search for proteins associated with Semi-
SWEETs in operons did not reveal conserve associations that
might be used as a general hint regarding the physiological func-
tion. The most striking association is with a putative 6-phospho-
B-glucosidase as part of a phosphotransferase sugar transport op-
eron in Streptococcus species. One may, thus, speculate that these
SemiSWEETs mediate efflux of a reaction product of the gluco-
sidase, but additional analyses are required to test this hypothesis.

SWEETs Can Be Reconstituted by Coexpression of a Split Transporter.
Eukaryotic SWEETSs are composed of two SemiSWEET units.
Thus, the question arose whether a single unit of SWEETSs would
be sufficient for reconstituting a functional pore or whether the
two units have evolved to be interdependent. Coexpression of
split transporters can lead to reconstitution of transport activity;
examples include Lac permease and the SUT sucrose transporter
(36-38). However, none of the truncated Arabidopsis SWEET1
polypeptides containing the first or second half (each containing
a 3-TM motif) reconstitute a functional transporter. By contrast,
coexpression of the two halves of a split SWEET1 successfully
reconstituted glucose transport activity.

Arabidopsis SWEETs Form Homo- or Heterooligomers in Yeast and
Plants. Among various transporters, the Arabidopsis SUT su-
crose transporter and AMT ammonium transporters assemble as
homo- or heterooligomers (22, 23, 38, 39), whereas the human
GLUTs form tetramers (35). By contrast, other characterized
sugar transporters, such as Lac permease, seem to function as
monomers (24). An intriguing question was, therefore, whether
a single 7-TM SWEET protein is sufficient for transport activity.
Oligomerization of transporters, such as SUTs, AMT1, and
KATI, has successfully been identified by the split ubiquitin
system (21, 23, 38-40). Here, the split ubiquitin system was used
to systematically identify interactions between AtSWEET pro-
teins. Among 289 combinations of 17 SWEET proteins tested, 55
interactions were identified. Interaction pairs identified in the
Y2H screen were verified by using split GFP assays in tobacco
leaves. The high degree of consistency of the results from both
the yeast two-hybrid and split GFP assays suggests that oligo-
merization is prevalent among Arabidopsis SWEETs. The split
GFP assays showed that the interactions localize at the plasma
membrane, except for the SWEET1 homooligomer. The in vivo
interaction data imply that the functional unit of AtSWEET1 is
likely to be at least a dimer. In analogy, SemiSWEETS would be
predicted to form a pore from a tetramer.

Functionally Important Residues of SWEET1. Alignments showed
a series of highly conserved residues in the first and second halves
of the SWEETS. Prolines are recognized as important residues in
transporters that could be important in creating specific shapes of
TM by introducing kinks; they can play important roles for the
transport cycle by allowing for dynamic processes, and also, they
can interrupt the hydrogen bonding network of a-helical TM g41).
Among the six residues tested, two mutations (P*T and Y'”°A)
did not reduce glucose transport activity of AtSWEET1 in yeast
significantly. All of the other four mutations (P23T, YA, G®D,
and G'®D) led to a loss of transport. Localization of GFP fusions
showed that P*T and G*®D mutants did not have a major effect on
plasma membrane targeting, whereas Y>’A and G'®'D mutants
inhibited plasma membrane targeting (Fig. 7). Therefore, lack of
transport activity of Y>’A and G'*°D mutants in yeast was likely
caused by mistargeting of AtSWEET1, whereas P**T and G**D
proteins lose their function, although they localized at the plasma
membrane. In the absence of structural information and without
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more extensive mutagenesis, our data do not provide detailed
insights into the functional role of these residues.

Direct Evidence for the Importance of SWEET Oligomerization for
Transport Function. All combinations of WT and mutated pro-
teins (Y’A+SWEET1, G>*D+SWEET1, and G'*"D+SWEET1,
respectively) interacted in planta as indicated by reassembly of split
GFP, indicating that the mutated proteins were able to associate

p112AINE| pDR 2% Glucose 2% Maltose

Vector | Vector

SWEET1| Vector

SWEET1| P®T

SWEET1| YA

SWEET1| G5D

SWEET1| G'"D

Fig. 8. Inhibition of glucose transport by coexpressing WT and mutant
AtSWEET1 proteins in yeast EBY4000. p112AINE empty or p112AINE-SWEET1
vector was cotransformed with pDRf1 empty or pDR-mSWEET1 (P?3T, Y*7A,
G°®D, and G'#D) vector into yeast strain EBY4000. Growth assays of yeast cells
coexpressing WT and mutant AtSWEET1 proteins were performed in YNB
media containing 2% glucose or maltose. Coexpression of mutant SWEET1
proteins together with WT inhibited SWEET1 glucose transport activity at
different levels, and mutations at either Y>” or G°® showed severe effects.
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Fig. 7. Localization of WT and mutant AtSWEET1
proteins in yeast. WT and mutant AtSWEET1-GFP
fusion proteins were expressed in the EBY4000 yeast
strain. After growth on minimal medium with malt-
ose as the sole carbon source, cells were analyzed by
confocal microscopy (SP5). (Left) GFP fluorescence
and (Right) bright field images from the following
constructs are shown: (A and B) empty vector with-
out GFP expressions, (Cand D) AtSWEET1-GFP, (E and
F) P?>T-GFP, (G and H) P**T-GFP, (/ and J) Y*’ A-GFP, (K
and L) Y*®D-GFP, (M and N) Y'7°A-GFP, and (O and P)
G'8°D-GFP. (Scale bar: 10 ypm.)

with wild type AtSWEET1 in planta. We observed that the mu-
tated AtSWEET]1 forms can inhibit the activity of a coexpressed
functional SWEET when tested in yeast for glucose uptake. Our
data provide evidence for oligomerization but do not allow us to
determine whether they form dimers or higher-order oligomers. In
summary, SemiSWEETs, a SWEET homolog from prokaryotes,
can function as a sucrose transporter, which is composed of 3-TM.
We also show that plant SWEETSs oligomerize and that oligo-
merization seems to be necessary for activity.

Taking the relative small size of 3-TM SemiSWEET or 7-TM
SWEET proteins into consideration and in analogy to other sugar
transporters that contain 12- to 14-TM, it seems reasonable to
assume that the minimal structure that forms a functional pore
is either a tetramer of SemiSWEETs or a dimer of SWEETS.
Structural information from crystals or NMR analyses will be
critical for determining the structure function relationship of the
SemiSWEET and SWEET sugar transporters as well as the other
PQ-loop transporters.

Materials and Methods

Candidate Sequence Search and Phylogenic Analyses. The MtN3/saliva (PF03083)
motif found in eukaryotic SWEETs was used for similarity searches in National
Center for Biotechnology Information, European Molecular Biology Labora-
tory, and DNA Data Base in Japan databases. Retrieved sequences were first
verified by alignment with Clustal Omega (http://www.ebi.ac.uk/Tools/msa/
clustalo/) and subsequently analyzed with Weblogo3.3 (http:/Aweblogo.
threeplusone.com/create.cgi). The phylogenic relationship was inferred using
neighbor joining (42). The optimal tree with the sum of branch length = 24.05 is
shown (Fig. 1). The tree is drawn to scale, with branch lengths in the same units
as the evolutionary distances of species used to infer the phylogenetic tree.
Evolutionary distances were computed using the Poisson correction method
(43) and are in the units of the number of amino acid substitutions per site. The
analysis involved 62 amino acid sequences. All positions containing gaps and
missing data were eliminated. There was a total of 60 positions in the final
dataset. Evolutionary analyses were conducted in MEGAS (44).
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Fig. 9. Schematic representation of hypothesized SWEET and SemiSWEET
oligomers. Colored boxes indicate TMs, and loops are marked with lines.
Numbers in the boxes indicate the order of each TM, and triangles represent
functional 3-TM units. Tetramer of SemiSWEET and dimer of SWEET all consist
of four 3-TM units, suggesting that 12 helices in consecutive order make
functional pores for sugar transport similar as in the 12-TM lactose permease.

Cloning of a Prokaryotic PQ-Loop Gene. The ORF of the single PQ-loop—con-
taining gene from B. japonicum USDA 110 was amplified and cloned into
a Gateway Entry Vector pDONR221f1 (Invitrogen) by BP (recombination of
attB sites with attP sites) reaction as described (45). Primers used amplifi-
cation of the gene are as follows: 5-GGGGACAAGTTTGTACAAAAAAGC-
AGGCTTCACCATGGACCCGTTCTTGATCAAG-3’; 5-GGGGACCACTTTGTACAA-
GAAAGCTGGGTCGGATCCGCCGTATCTCAGCTTCATCAC-3'. After sequence
confirmation, the ORF was transferred into the destination vectors pDRf1-
GW and pcDNA3.2/V5-DEST (Invitrogen) by LR (recombination of attL sites
with attR sites) reactions.

FRET Sucrose Sensor Analyses of Prokaryotic PQ-Loop Proteins in HEK293T Cells.
Analyses for sucrose uptake activity into human cells were performed using an
FRET sucrose sensor as described (4, 46). HEK293T cells were cotransfected with
plasmids containing the sucrose sensor FLIPsuc90pA1V (1 pg) and the candidate
gene BjSemiSWEET1 (1 pg) in six-well plates using Lipofectamine 2000 (Invi-
trogen). FRET imaging and analyses were performed as described (46). The
sucrose transporter AtSWEET11 (plus the sucrose sensor FLIPsuc90pA1V) and the
sucrose sensor alone were used as positive and negative controls, respectively.

Coexpression of Different SWEET1 Domains in the Yeast Hexose Transport
Mutant EBY4000. Transmembrane spanning domains of AtSWEET1 were
predicted by TMHMM (http:/Avww.cbs.dtu.dk/servicessTMIHMMY/; Aramemnon).
The two MtN3/saliva motifs of AtSWEET1 were amplified using the primer
pairs AtF1-GGGGACAAGTTTGTACAAAAAAGCAGGCTTCACCATGAACATCGCT-
CACACTATC, AtR1-GGGGACCACTTTGTACAAGAAAGCTGGGTCGGATCCTTAA-
AGAGCAAAGAGAGAGACAGA for the N-proximal half-size protein and AtF2-
GGGGACAAGTTTGTACAAAAAAGCAGGCTTCACCATGCAAGGAAACGGTAGAA-
AACTC, AtR2-GGGGACCACTTTGTACAAGAAAGCTGGGTCGGATCCTTAAACT-
TGAAGGTCTTGCTTTCC for the C-proximal half-size protein. For mutation
of conserved residues in AtSWEET1 by PCR, the following primers were
used: mP23 F-CTTGGCTACTTCGATAAC, mP23 R-GTTATCGAAGTAGCCAAG;
mP43 F-TGGTATCACTTATCCAAT, mP43 R-ATTGGATAAGTGATACCA; mY57
F-CTCTGCTTGGGCTGGACT, mY57 R-AGTCCAGCCCAAGCAGAG; mG58 F-GGTA-
TGATCTTCCCTTTG, mG58 R-CAAAGGGAAGATCATACC mY179 F-GTGGTTC-
GTCGCTGGTCT, mY179 R-AGACCAGCGACGAACCAC; and mG180 F-GTCT-
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ATGATCTAATCGGT, mG180 R-ACCGATTAGATCATAGAC. Target PCR frag-
ments were purified and cloned into the Gateway entry vector pPDONR221f1 as
described above. Entry clone plasmids were mixed with destination vectors
pDRf1-GW or/and p112AINE-GW for constructs expressing in yeast by LR reac-
tions. Coexpressions of different combinations of half-size AtSWEET1 versions
(each containing an MtN3/saliva motif) or WT and mutant AtSWEET1 were
performed by cotransformation of the yeast hexose transporter mutant
EBY4000 [hxt1-17D::loxP gal2D:loxP stl1D::loxP agt1D:loxP ydI247wD::loxP
yjr160cD::loxP] with pDRf1-GW- and p112AINE-GW-based plasmids through
LiCl, transformation. The yeast hexose transporter HXT5 was used as a positive
control, and empty vectors pDRf1 plus p112AINE were introduced as a negative
control. To exclude artifacts caused by differences in the vector/promoter on
introduced SWEET expression, each combination of two MtN3/saliva motifs
containing half-sized proteins was repeated by exchanging the respective host
vectors. Transformants were first grown on selective synthetic complete (SC) (-Ura
and -Trp) medium containing 2% (vol/vol) maltose (Sigma) as the sole carbon
source, and subsequently, they were streaked on solid SC (-Ura and -Trp) media
supplemented with 2% glucose (Sigma) as the sole carbon source and incubated
at 30 °Cfor 4 d. Growth was recorded by scanning the plates on a flatbed scanner.

Synechococcus Growth Conditions. S. elongatus PCC 7942 was grown in
temperature-controlled (32 °C) and CO,-controlled (2%) Multitron Infors HT
Incubators with CO, and photosynthetic lighting options (ATR) installed with
fluorescent bulbs (15 W Gro-Lux; Sylvania) and constant illumination at the
growth surface of ~100 uE m? s™". Flasks were shaken at 100 rpm. Cultures
were grown in BG11 media buffered with 1 g/L Hepes (pH 8.3; Sigma) to
improve consistency during culture dilutions (this step was not necessary for
sucrose export). Construction of strains overexpressing SemiSWEETs and
SWEETs was obtained through traditional cloning using isothermal assembly
methods (47) into Neutral Site 3 vector (48) and transformed into S. elon-
gatus 7924 as previously described (26, 49). Genomic integration of target
constructs was selected on BG11 plates with 12.5 pg/mL chloramphenicol and
verified through colony PCR and sequencing.

Cyanobacterial Sucrose Secretion Assays. WT-, SWEET-, and SemiSWEET-
bearing cyanobacteria were grown as described above and diluted daily to
maintain cultures in log phase (OD;so between 0.3 and 1.5). To assay sucrose
secretion, 50 mL cyanobacterial cultures were pelleted for 15 min at ~1,500 x g
(Sorvall Legend), washed one time, pelleted, and resuspended in fresh BG11
(7+ mL) with 1 mM IPTG (isopropyl p-D-1-thiogalactopyranoside) and the
indicated concentration of NaCl. Cell density in concentrated cultures was
determined through measurement of OD;so (Spectramax Plus; Molecular
Devices), and cultures were diluted to a uniform density ODs5o at 2.5. In-
duced cyanobacteria were grown in 0.5- to 1-mL cultures in a 24-well plate
format in the incubator with illumination as described above for 12 h of
continuous light. Cyanobacterial cells were then pelleted, and sucrose se-
cretion rates were determined from the culture supernatant using Sucrose/
D-Glucose Assay Kits (Megazyme).

Mating-Based Split Ubiquitin System. For mating-based split ubiquitin assays,
all 17 AtSWEET ORFs and BjSemiSWEET were cloned into the mating-based
split ubiquitin Nub vectors pXN22_GW and pXN25_GW and Cub vector
PMETYC_GW. Assays were performed as described (29).

Split GFP Assay. nYFP and cCFP sequences were fused to the C-terminal
sequences of five AtSWEETs and BjSemiSWEET in PXNGW and PXCGW vec-
tors, respectively (30). The fusion proteins were introduced into N. ben-
thamiana leaves by using the Agrobacterium-mediated transient expression
method (30). Interactions of the coexpressed proteins were monitored by
detection of YFP fluorescence under a confocal microscope (SP5; Leica). All
constructs were verified by DNA sequencing. All assays were repeated in-
dependently at least three times with comparable results.

Localization of AtSWEETSs in Yeast and Plants. WT and mutant AtSWEET1 ORFs
were cloned into the pDRf1-GFP GW vector (7). The EBY4000 yeast strain was
transformed, and three independent colonies from each transformant were
cultured in yeast nitrogen base (YNB) media containing 2% maltose. For
transient expression of AtSWEET1-GFP and AtSWEET11-GFP fusion proteins,
AtSWEET1 and AtSWEET11 ORFs were cloned into pABindGFP destination
plasmid (50) followed by transient expression in N. benthamiana leaves using
the Agrobacterium-mediated transient expression method (30). GFP fluo-
rescence was detected under a confocal microscope (SP5; Leica).
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Fig. S1. SemiSWEETs found in putative operon of different prokaryotic genera. Red arrowheads represent SemiSWEET genes of different species. Each row
represents a putative operon. Black arrows, genes of unknown function; blue arrows, celD; gig C, glucose-1-phosphate adenylyltransferase; glg A, glycogen
synthase; green arrows, celB; light green arrows, celC; purple arrows, transcription regulator; yellow arrows, celA (phosphocellobiase).
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Fig. S2. Coexpression of different separations of Arabidopsis thaliana (At) SWEET1 MtN3 motifs in yeast hexose transporter mutant EBY4000. (4) C°'-247 a3,
domain of AtSWEET1 containing TM4 and the second MtN3 motif; C'227247 2 half size of AtSWEET1 containing the second MtN3 motif; AC'2% 22, truncated
AtSWEET1 with deletion of C terminus; N'"?° @, part of AtSWEET1 containing the first MtN3 motif; Neg, empty vectors pDRf1 plus p112AINE as a negative
control; Pos, yeast hexose transporter HXT5 as a positive control. The yeast cells were grown on a media with glucose as the carbon source for 4 d. The yellow
columns represent transmembrane domains (TMs) 1-3, red columns represent TMs 5-7 of AtSWEET1. The blue columns represent the fourth TM of AtSWEET1.
(B) Bradyrhizobium japonicum (Bj) SemiSWEET1-GFP fusion protein was expressed in the yeast strain EBY4000. After growth on minimal medium with maltose
as sole carbon source, cells were analyzed by confocal microscopy (SP5). Empty pDR vector-transformed yeast cells were used as a negative control. GFP
fluorescence and bright field images from the following constructs are shown in Left and Right, respectively. (Scale bar: 10 pm.)
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Fig. S4. Split ubiquitin assay for interactions between AtSWEETs. Diploid strains containing 17 AtSWEET-Cub fusions were tested with 17 AtSWEET-Nub
fusions and a WT variant of Nub (NubWT) or a mutant variant of Nub (NubG). Yeast growth assays were on an SC medium (-His, -Trp, and -Leu) supplemented
with 500 pM methionine. Positive interactors are marked by the circles.
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Fig. S5. Localization of AtSWEET1 and AtSWEET11 in tobacco leaves. AtSWEET1 and AtSWEET11 ORF regions were cloned into the pABind117-GW vector.
Agrobacterium-mediated transient expression in N. benthamiana leaves. GFP-derived fluorescence and bright field images are shown in Left and Right, re-
spectively. AtSWEET11-GFP samples were plasmolyzed in 4% NaCl. Chlorophyll autofluorescence is marked with red, and the white arrows indicate the at-
tachment of chloroplasts to the plasmolyzed plasma membrane. (A and B) AtSWEET1-GFP localized more frequently at ER and vesicular compartments,
whereas (C and D) AtSWEET11-GFP localized at the plasma membrane. (Scale bar: 20 pm.)
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Fig. S6. Alignment of protein sequences of plant SWEET transporters. Protein sequences from Arabidopsis thaliana (At), Oryza sativa (Os), Zea mays (Zm),
Medicago truncatula (Mt), Citrus sinensis (Cs), Petunia hybrida (Ph), and Triticum aestivum (Ta) were aligned. Seven TMs were boxed and numbered in order.
Conserved residues marked by the same colors.
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Fig. S7. Functional analysis of mutant AtSWEET1-GFP fusion proteins by complementation of yeast hexose transport defective strain EBY4000. EBY4000 strain
expressing mutant AtSWEET1-GFP proteins were grown on YNB media containing 2% glucose or maltose. Except single amino acid changes at P**T and Y'7°A,
other mutations (P?3T, Y>’A, G*®D, and G'®°D) in SWEET1 lead to loss of glucose transport activity. Empty vector (pDRf1) and AtSWEET1 were used as the
negative and positive controls, respectively.

Table S1. Classification of PQ-loop proteins retrieved from
prokaryote

Domain and phyla Numbers*

Bacteria
Proteobacteria 37
Firmicutes 13
Bacteroidetes 10
Cyanobacteria
Chlorobi
Spirochaetes
Nitrospirae
Aquificae
Acidobacteria
Tenericutes
Planctomycetes
Fusobacterium
Unclassified

Archaea
Euryarchaeota 9

[2)]

S s s a NN =MD

*Numbers of SemiSWEETs in each phylum.
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