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FGT-1 is the major glucose transporter in C. elegans and is central

to aging pathways
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Caenorhabditis elegans is widely used as a model for investigation
of the relationships between aging, nutrient restriction and
signalling via the DAF-2 (abnormal dauer formation 2) receptor
for insulin-like peptides and AGE-1 [ageing alteration 1;
orthologue of PI3K (phosphoinositide 3-kinase)], but the identity
of the glucose transporters that may link these processes is
unknown. We unexpectedly find that of the eight putative GLUT
(glucose transporter)-like genes only the two splice variants
of one gene have a glucose transport function in an oocyte
expression system. We have named this gene fgz-/ (facilitated
glucose transporter, isoform 1). We show that knockdown of fgt-
1 RNA leads to loss of glucose transport and reduced glucose
metabolism in wild-type worms. The FGT-1 glucose transporters
of C. elegans thus play a key role in glucose energy supply to C.

elegans. Importantly, knockdown of fgz-1 leads to an extension
of lifespan equivalent, but not additive, to that observed in daf-2
and age-1 mutant worms. The results of the present study are
consistent with DAF-2 and AGE-1 signalling stimulating glucose
transport in C. elegans and this process being associated with
the longevity phenotype in daf-2 and age-1 mutant worms. We
propose that fgt-1 constitutes a common axis for the lifespan
extending effects of nutrient restriction and reduced insulin-like
peptide signalling.

Key words: aging, Caenorhabditis elegans, facilitated glucose
transporter, isoform 1 (fgt-1), glucose transport, insulin,
metabolism.

INTRODUCTION

Endocrine regulation of glucose uptake is widely studied in
mammals and particularly humans with an emphasis on insulin
sensitivity and insulin resistance. In mammals a family of glucose
transporter proteins (the GLUT family) is primarily responsible
for maintaining circulating glucose levels. The regulation of
the GLUT4 protein of insulin-target tissues is well established
as occurring downstream of the insulin receptor and PI3K
(phosphoinositide 3-kinase) signalling [1] and is known to
become dysfunctional in human obesity and Type 2 diabetes
[2-4]. As emphasized by Ristow and colleagues, treatments
for obesity and diabetes with associated insulin resistance are
based on the idea that increasing insulin sensitive glucose
uptake, with a consequent lowering of blood glucose, will
improve health outcomes. However, studies on knockout of
signalling by receptors for insulin or insulin-like peptides [IIS
(insulin/IGF (insulin-like growth factor)-like signalling] indicate
that IIS may have adverse consequences on healthy aging [5—
7]. Healthy aging is likely to be dependent on maintaining
the expression and functional activities of endocrine-regulated
nutrient transporter proteins. These processes are difficult to
study in mammals and humans because of their long lifespans.
By contrast, Caenorhabditis elegans is widely used as a model
organism for studies linking nutrient uptake and cell signalling
via insulin-like peptides to aging, because of the much shorter
lifespan of this organism.

Supplying high glucose levels to C. elegans leads to a marked
reduction in their lifespan which is mediated by down-regulation
of DAF-16 (abnormal dauer formation 16) with consequent effects
on gene transcription [8]. Conversely, nutrient restriction leads
to an extension of lifespan [6,9]. A range of mechanisms have
been proposed to account for the effects of nutrient restriction on
lifespan [10]. Most recently emphasis has been placed on the role
played by increased mitochondrial respiratory activity. Increased
mitochondrial activity leads in turn to ROS (reactive oxygen
species) signals and induction of a stress response programme
that facilitates longevity [11]. An important intermediate in this
pathway in C. elegans is AAK-2/AMPK (AMP-activated protein
kinase) which is activated in DAF-2- and glucose-uptake-deficient
worms [7].

Endocrine control of lifespan is well established in C. elegans
with mutations in the genes encoding the receptor for insulin-like
peptides, DAF-2 [12,13] and AGE-1 (ageing alteration 1)/PI3K
[14,15] leading to extended lifespan. Signalling via the DAF-2
receptor and AGE-1/PI3K are thought to lead to phosphorylation
of DAF-16 and block of its transcriptional activity. Reduction in
this signalling therefore leads to increased expression of longevity
genes and decreased expression of pro-aging genes [10]. The
possibility that in C. elegans a parallel pathway might occur from
the DAF-2 receptor and AGE-1/PI3K leading to glucose transport,
similar to that occurring in mammals [4], has been previously
hypothesized [7], but the identity of the glucose transporter that
is involved has not been determined.
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Currently very little is known of the process by which
nematodes take up glucose. In the present study we address
this problem by characterizing the GLUT-like proteins in C.
elegans and by investigating the relationship of these proteins with
glucose- and signalling-dependent aging. During this search for C.
elegans glucose transporters we unexpectedly discovered that very
few of the GLUT-like gene sequences described in WormBase are
likely to code for functional glucose transporters.

EXPERIMENTAL
C. elegans strains and their maintenance

Worms were cultured and maintained as described previously
[16]. The following strains were used: wild-type (N2), CB 1370
daf-2(el1370) and TJ 1052 age-1(hx546). Mutant strains were all
provided by the Caenorhabditis Genetics Center (University of
Minnesota, Minneapolis, MN, U.S.A.).

Protein sequences alignment

The membrane topology of the candidate putative transporters was
predicted using the SOSUI program [17]. The protein sequence
of each protein was also aligned with hGLUT1 (human GLUT1)
using the T-Coffee program [18]. The TM (transmembrane)
segment assignments of the putative transporters were set up
to maximize alignment with the hGLUT1 TM regions [19], the
XylE transporter of known 3D structure [20] and at the same time
maintain sufficient residues in the assigned TM region predicted
by SOSUL

Cloning of candidate glucose transporter genes and HA
(haemagglutinin) insertion into the first exofacial loop of
the target genes

Total RNAs of mixed stage N2 worms were isolated with the SV
Total RNA Isolation System (Promega). First-strand cDNA was
synthesized using SuperScript™ III First-Strand Synthesis for
RT-PCR (reverse transcription—PCR) (Invitrogen). The candidate
genes were amplified from the cDNA library using primers which
were designed according to the predicted spliced forms of the
gene sequence in the WormBase (http://www.wormbase.org/).
Forward and reverse primers for amplifying the target
genes are listed in Supplementary Table S1 (at http://www.
biochemj.org/bj/456/bj4560219add.htm). The amplified genes
were first cloned into pT7Blue vector for subsequent manipulation
using Perfectly Blunt® Cloning Kits (Novagen). The influenza
HA epitope was inserted into the predicted first exofacial loop of
the target proteins as described previously [21] and introducing
a Bsu36l restriction site as indicated in Supplementary Table
S2  (at http://www.biochemj.org/bj/456/bj4560219add.htm).
The peptide sequence was IDYPYDVPDYAE, the sense
oligonucleotide was 5-TGAGATCGATTATCCTTATGATGT-
TCCTGATTATGC-3' and the antisense oligonucleotide was
5-TCAGCATAATCAGGAACATCATAAGGATAATCGATC-3'.
The sequence of each construct was analysed by the sequencing
service provided by GATC Biotech.

Heterologous expression of putative glucose transporters in the
Xenopus oocytes

The putative glucose transporter genes (with or without a HA
tag) were cloned into Xenopus laevis expression vector pT7TS
(Addgene plasmid 17091 provided by Professor Paul Krieg,
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University of Arizona, Tucson, AZ, U.S.A.) which was flanked
by fragments of the 5'- and 3'-untranslated regions of Xenopus -
globin mRNA. The constructs were linearized at the 3'-end of the
putative transporter genes. cRNAs were synthesized using the T7
RNA polymerase in the presence of cap analogue (nMESSAGE
mMACHINE, Ambion) and purified using phenol-chloroform
extraction. Stage V or VI oocytes were isolated from X. laevis
females by digestion of ovarian lobes with 1.5 mg/ml collagenase
type I (Sigma) in Ca’ ™ -free OR-2 buffer [82.5 mM NaCl, 2.5 mM
KCl, 1 mM Na,HPO,, 1 mM MgCl, and 5 mM Hepes (pH 7.5)]
at 15°C for 1.5 h. After an overnight incubation in ND96 buffer
[96 mM NaCl, 2 mM KCl, 1 mM MgCl,, 1.8 mM CaCl,, 5 mM
Hepes (pH 7.5), 2.5 mM pyruvic acid and 1% FBS], healthy
oocytes were selected for injection with 50 nl (50 ng) of capped
RNA coding for the putative glucose transporters or with the
same volume (50 nl) of DEPC (diethyl pyrocarbonate)-treated
water. To express the transporters, the oocytes were incubated
in ND96 buffer at 18°C for 3 days with the medium changed
every day.

Surface detection of HA-tagged transporters in Xenopus oocytes

A total of five oocytes expressing the HA-tagged transporters were
treated in 100 pl of KRH (Krebs—Ringer Hepes) buffer with an
anti-HA antibody (1 pg/ml for 2 h at 25°C). After three washes
in KRH buffer the cells were incubated for a further 1 hat25°Cin
presence of 1 pg/ml anti-(mouse IgG—f-galactosidase conjugate)
(Southern Biotech). Cells were then transferred on to 96 well
plates and the fluorogenic S-galactosidase substrate fluorescein-
digalactoside (Invitrogen) was added to give a final concentration
of 0.1 mM. The resulting fluorescence was measured every 15 s
over a 60 min period in a Pherastar FS multiwell plate reader
(BMG). The level of HA-tagged transporters present at the
cell surface was then calculated from the rate of fluorescence
generated per oocyte.

Glucose transport activity in Xenopus oocytes

Healthy Xenopus oocytes injected with cRNA or H,O were
washed with incomplete ND96 buffer. The glucose-transport
activity of the oocytes was determined by incubating groups
of five oocytes in 200 ul of incomplete ND96 buffer with the
indicated final concentrations of D-glucose for 30s before
the addition of [U-"“C]glucose (Amersham, GE Healthcare;
0.3 nCi per assay). The reaction was stopped after 60 min by
rapidly washing the oocytes three times with ice-cold incomplete
ND96 buffer containing 300 1M phloretin. Each group of oocytes
was solubilized with 1 % (w/v) SDS and the radioactivity present
was determined by liquid scintillation counting.

RNAi constructs and RNAi feeding

The fgt-la and fgt-1b RNAIi constructs were obtained by
subcloning a 417 bp DNA fragment targeted to exon 1 of fgt-
la and a 395bp DNA fragment targeted to exon 2 of fgt-
1b from the pT7Blue vector into the L4440 vector. After
transformation with either the 14440-fgr-1a or -fgt-1b RNAI
construct, HT115 strain bacteria were grown in LB medium with
ampicillin (50 pg/ml) for 8 h, then seeded on to NGM (nematode
growth medium) plates containing ampicillin (50 pg/ml)
and IPTG (1 mM) and then induced overnight. Synchronized and
starved L1 larvae were seeded on to the NGM plates with a
RNAI bacteria food source. The worms were allowed to grow
on the RNAI plates without exhausting the bacteria food and
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until the young adult stage. The extent of knockdown of total
fgt-1a and fgt-1b mRNA was determined by qPCR (quantitative
real-time PCR). Total RNAs from the worms were isolated
with the SV Total RNA Isolation System (Promega). cDNAs
were synthesized with random hexamers using SuperScript™
IIT First-Strand Synthesis for RT-PCR system (Invitrogen).
PCR was performed using iTagTM SYBR® Green Supermix
with ROX kit in a real-time thermal cycler (Mx3000P QPCR
system, Stratagene). The PCR primers used for fgz-/a and fgt-
1b were: forward, 5-GGCCAGCTACTCAGCCATC-3' and
reverse, 5'- ATTTCGGAGACGAAGAACCA-3'. The gene act-1
(forward primer, 5-CCAGGAATTGCTGATCGTATGCAGAA-
3" and reverse primer, 5-TGGAGAGGGAAGCGAGGATAGA-
3") was used as housekeeping gene to normalize the RNA level of

fet-1.

2DG (2-deoxy-p-glucose) transport activity of RNAi-treated worms

Synchronized L1 worms were grown on NGM plates (50 pg/ml
ampicillin) with or without 1 mM IPTG to induce RNAI
expression seeded with appropriate bacteria until the young adult
stage. The worms were then transferred on to NGM plates
(50 pwg/ml ampicillin) containing 50 uM FUDR (5-fluoro-2'-
deoxyuridine) and seeded with appropriated bacteria with or
without 1 mM IPTG. The adult worms were allowed to grow on
FUDR NGM plates for 10 days without exhausting the bacteria
food source. On the day of the experiment, worms were washed
with M9 buffer (22 mM KH,PO,, 22 mM Na,HPO,, 85 mM NaCl
and 1 mM MgSO,) to completely remove the bacteria. The worms,
in 500 ul of M9 buffer, were incubated for 2 h with 500 uM 2-
DG (with 1 uCi of [PH]2DG per assay). The worms were then
pelleted and rapidly washed with ice-cold M9 buffer four times.
The mixture was sonicated at amplitude of 27 microns five times
for 15 s with intervals of 60 s on ice. The suspension was then
centrifuged at 14000 g at 4°C for 15 min. A 50 wl aliquot of the
supernatant was saved for a protein assay. The radioactivity in
the worm lysates was determined using a scintillation counter.

Glucose oxidation and incorporation into lipid of RNAi-treated
worms

Worms were prepared as described in the 2DG-transport assay.
Uniformly labelled ["*C]D-glucose oxidation was determined as
described previously [6] with some modification. Each sample
was analysed in triplicate. Worm pellets were added to 5 ml Bijou
tubes. An open 1.5 ml tube containing 1 ml of 0.1 M KOH was
placed into the Bijou tube to trap the CO, which was produced.
The worms, in 500 1 of M9 buffer, were incubated for 3 hat 18°C
with 500 uM D-glucose in M9 buffer (with 1 uCi of [U-"*C]D-
glucose per assay). The uptake was stopped by flash-freezing the
worm suspension in liquid nitrogen. The radioactivity trapped in
the KOH solution was determined using a scintillation counter.
The frozen worms were then thawed. The mixture was sonicated
on ice with a tip sonicator. The suspension was then centrifuged
at 14000 g at 4°C for 15 min. A 50 pl aliquot of the supernatant
was saved for a protein assay. The fat content was extracted from
the supernatant by the addition of heptane. The radioactivity in
the organic phase was determined using a scintillation counter.

C. elegans lifespan

Lifespan assays were performed at 20°C. Young adult worms
were allowed to lay eggs overnight on NGM plates (50 pg/ml
ampicillin) with or without 1 mM IPTG to induce RNAI
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expression and seeded with RNAi bacteria. The progeny were
allowed to grow on the corresponding plates until the L4 larvae
stage at 18°C. The L4 larvae were then transferred on to NGM
plates (50 pg/ml ampicillin) containing 50 uM FUDR seeded
with appropriate bacteria with or without 1 mM IPTG and
maintained at 20°C without the exhaustion of the bacteria food
and until all the worms on the plate had died. The adult population
was scored every day or every other day. Animals that crawled
off the plates or exploded were censored. Animals that failed to
respond to a gentle prodding with a platinum wire were scored as
dead. Day 0 of the lifespan was set as the day that the eggs were
laid.

Statistical analysis

All analyses were performed using GraphPad Prism version 5.01.
C. elegans survival curves were analysed using the Kaplan—Meier
method. Unpaired two-tailed Student’s ¢ tests were carried out
using a 95 % confidence interval. Differences were considered to
be significant at P values of <0.05.

RESULTS
Characterization of C. elegans GLUT-like genes

Eight gene sequences with significant homology to members
of the mammalian GLUT family of glucose transporters
have been identified in the C. elegans genome sequence
(Table 1). These putative glucose transporter genes all code
for proteins (Figure 1 and Supplementary Figure S1 at
http://www.biochemj.org/bj/456/bj4560219add.htm) that have
signature motifs related to the general MFS (major facilitator
superfamily) structural architecture and to the mammalian GLUT
family of proteins [20,22]. This is likely to be why bioinformatics
approaches identify this large number of C. elegans sequences as
belonging to the sugar transporter family.

We examined the functional activity of the putative C. elegans
glucose transporters by expressing them in Xenopus oocytes.
As functional activity is dependent upon the extent to which
the transporters are incorporated into the plasma membrane we
initially introduced the influenza HA epitope tags into the first
exofacial loop of each of the transporters. This approach has been
used extensively for studies of the function of the mammalian
transporter GLUT4 [23]. Using this approach we found that all the
transporters were significantly, but variably, expressed at the cell
surface (Figure 2A); however, it became apparent that introduction
of the HA tag led to a complete loss of glucose transport activity
for all the transporters, including mammalian GLUT]I, that we
examined in the oocyte expression system (Figure 2C). The level
of reduction in transport activity was not trivial. In the case of
GLUT], transport was reduced by over 99 % and a level that
was not significantly different from the water injection control.
As introduction of HA epitope tags was not a viable option for
comparing the putative C. elegans glucose transporters we chose
to expresses these transporters without the tag. The disadvantage
here is that the cell-surface expression level is unknown. However,
the studies using the HA tag suggest that although traffic to the
cell surface is variable, it is always present to some extent and
we therefore assumed that the same will apply to the non-tagged
constructs. Using this approach we found that the only proteins
that significantly transported glucose were the two products
of the gene H17B01.1. Even allowing for variations in levels of
surface availability of the transporters it is evident that only these
gene products can clearly function as glucose transporters. We
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Table 1

Putative glucose transporter (GT) proteins which have sequence homology with mammalian glucose transporters of the GLUT family

WormBase has assigned putative GLUT-like transporters genes in C.elegans to orthologues in the human GLUT family. Although the WormBase identities are relatively high, these assignments do
not necessarily predict the preferred substrate for the transporter proteins such as p-glucose. H17B01.1 (which we have now been reassigned the gene name fgt-1) has a high identity with GLUTS,
GLUT1 and GLUTA4. This gene codes for two splice variants. WormBase-listed RNAi phenotyping of some of the expressed genes has led to the indicated traits. No phenotype associated with RNAI

phenotyping of fgt, R09B5.11 or K09C4.7 has been described in WormBase.

Assigned human |dentity with assigned Identity with |dentity with
Putative GT (gene name) Amino acids orthologue in WormBase orthologue hGLUT1 hGLUT4 RNAI phenotype
H17B01.1 A 492 GLUT3 43% 37% 36%
H17B01.1B 510 GLUT3 43% 37% 36%
R09B5.11 516 GLUT1 36% 36% 33%
C35A11.4 515 GLUT3 29% 26% 25% Larval lethal, embryonic lethal
F14E5.1 472 GLUT14 27% 24% 26% Fat content increase
Y39E4B.5 505 GLUT9 24% 20% 23% Larval rest
F48E3.2 488 GLUT1 23% 23% 23% Embryonic lethal
K09C4.5 524 GLUT14 22% 18% 24% Fat content increase
K09C4.1 521 GLUT4 20% 17% 20%
T™M1 M2
FGT-1A MGVNDHDVSVPLQE~-~-===~~ V=== SRTVEGKLTKCLAFSAFVITLAS! HIGCVNAPGGLITEWIIGSHKDL~-~-~-~FDKELS VSVFAVGGMIGGLSSGWLA 103
FGT-1B MSEKSRSDTSATASLSDSSKSPSSYSTPGTTTQEIIFPDGKLTECLAFSAFVITLAS HIGCVNAPGGLITEWIIGSHKDL----FDKELSREN SVAVSVFAVGGMIGGLSSGWLA 121
GLUT1 HE====snsassacaas === PSSKKLTGRIMLAVGGAVLGS. TGVINAPOKVIEEFYNQTWVHR----YGESILPTTLTTLWSLSVAIFSVGGMIGSFSVGLEV 87
GLUT4 MPSGFQQIGSED--======== == —m———————— GEPPQORVTGTLVLAVFSAVLGS. IGVINAPQKVIEQSYNETWLGROGPEGPSSIPPGTLTTLWALSVAIFSVGGMISSFLIGIIS 103
T™M3 TM4 TM5 TM6
FGT-1A DEVGRRGALFYNNLLALAAAALMGLAKSVGAYPMVILGRLIIGLNCGFSSALVEMFLTEISPNNLRGMLGSLI NTIAILVSQIFGLPHLLGTGDRWPLIFAFTVVPAVLOLALILMLCPESPK 228
FGT-1E DEVGRRGALFYNNLLALAAAATIMGLAKSVGAYPMVILGRLIIGLNCGFSSALVPMFLTEISPNNLRGMLGS. NTIAILVSQIFGLPHLLGTGDRWPLIFAFTVVPAVLOLALIMLCPESPK 246
GLUT1 NRFGRRNSMIMMNLLAFVSAVIMGFSKLGKSFEMLILGRFIIGVYCGLTTGEVEPMYVGEVSPTAFRGALGT, IVVGILIAQVFGLES IMGNKDLWPLLLSIIFIPALLOQCIVLPFCPESPR 212

GLUT4  QWLGRKRAMLVNNVLAVLGGSLMGLANAAASYEMLILGHFLIGAYSGLTSGLVPMYVGEIAPTHLRGALGT. IVIGILIAQVLGLESLLGTASLWPLLLGLTVLPALLQLVLLPFCPESPR 228
T™M7

FGT-1A YTMAVRGQRNEAESALKKLRDTEDVSTEIEAMQEEATAAGVQEKPKMGDMFKG-ALLWEMS IATMMMLARD AMFYSTVIFRGAGLTGNEPFYATIGMGAVNVIMILI SVWLVPHPKFGR 352
FGT-1B YTMAVRGORNEAESALKKLRDTEDVSTEIEAMOEEATAAGVOEKPKMGDMFKG-ALLWPMSIATMMMLADO AMEY STVIFRGAGLTGNE PFYATIGMGAVNVIMTLI SVWL & PKFGR 370
GLUT1  FLLINRNEENRAKSVLKKLRGTADVTHDLQEMKEESROMMREKKVTILELFRSPAYRQPILIAVVLQLSQO I i‘ STSIFEKAGV--QRPVYATIGSGIVNTAFTVVS. n -RAGR 333
GLUT4 YLYIIQNLEGPARKSLKRLTGWADVSGVLAELKDEKRKLERERPLSLLOLLGSRTHRQPLI TAVVLOLSQO NAVEN SIFETAGV—-GQPJKYATIWLVSVLL -RAGR 349
FGT-1A RSLLL&GLTWVSTLLLVGRLTIQNSGGDKWASYSMGMWIS ATG] EIFDSSARGNANSIA' LVGLTFLPINNLMOQYSFFIFSGFLAFFIFYTWKEVPETK 477
FGT-1B RSLLLAGLTGMFVSTLLLVGALTIQNSGGDKWASYSAIGFVLLFVISFATGEGAIPHFFVSEIFDSSARGNANSIA! LVGLTFLPINNLMQQOYSFFIFSGFLAFFIFYTWKEVEETK 495
GLUT1  RTLHLIGLAGMAGCAILMTIALALLEQ--LPWMSYLSIVAIFGFVA ra; PIPWFIVAELFSQGPRPAATAVAGE SNFIVGMCFQYVEQLCGPYVFIIFTVLLVLFFIFTYFKVEPETK 456
GLUT4  RTLHLLGLAGMCGCAILMTVALLLLER—-VPAMSYVSIVAIFGFVAFFEIGHGPIPHFIVAELFSQGPRPAAMAVAGE. SNFIIGMGFQYVAEAMGPYVFLLFAVLLLGFFIFTFLRVPETR 472
FGT-1A GESIEQIQAEF----—=-==========—==—== EKRK 492

FGT-1B GKSIEQIQAEF-=-==-==-sommmeoaaaaas EKRK 510

GLUT1  GRTFDEIASGFRQGG-ASQSDKTPEELFHPLGADSQV 492

GLUT4  GRTFDQRISAAFHRTPSLLEQEVKPSTELEYLGPDEND 509

Figure 1 Comparison of FGT-1A and -1B with GLUT1 and GLUT4

Alignment allows comparison of invariant and non-charged residues, particularly in the C-terminal half of the protein. Boxes with a dotted-fill highlight charged residues in the TM
regions. Highly conserved signature residues (boxed residues), particularly in the TM7 region, are thought to be important in substrate recognition (see the Supplementary Online Data at

http://www.biochem].org/bj/456/bj4560219add.htm for more information).

have therefore re-named the H17B01.1 gene as fgt-1 and the
transporter proteins as FGT-1A and FGT-1B (Figures 2B and
2C). These proteins transport glucose at levels that are comparable
with GLUT]1 expressed in the same system and at rates that are
approximately 200 times that of RO9B5.11, the most comparable
homologue amongst the other transporters examined, and
the water-injection control.

Although comparison of the FGT-1A and FGT-1B sequences
reveals that the latter has an N-terminal 18 amino acid extension,
both the HA-tagged forms of these transporters are well expressed
at the cell surface of oocytes (Figure 2A) and have similar
affinity (K,, &~ 7-9 mM) and transport catalytic activity (V ., ~3
pmole/min per oocyte) at the comparable (50 ng) levels of
cRNA that were injected (Figures 2D and 2E). The functional
consequences of the N-terminal portion are therefore unrelated
to catalytic activity and some regulatory role of this region may

© 2013 The Author(s)

occur when the transporters are in their normal cellular context in
C. elegans.

Functional activity of FGT1 in C. elegans

To determine whether FGT-1 is important in the uptake of glucose
from the medium into the intact animal we used an RNAi
approach. Worms were fed Escherichia coli cells expressing either
the fgt-1a or fgt-1b RNAI constructs alone (Figure 3A) orasa 1:1
mixture of fgr-1a and fgt-1b RNAIi constructs (Figure 3B). The
single as well as the combined RNAIi construct knockdowns led
to 70-80 % reductions in the combined fgt-1 transcripts. These
data confirmed that knockdown of both fgz-1 transcripts by a
single RNAI corresponding to any region of the fgt-1 gene leads
to silencing of the whole gene and both splice variants. The
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Figure 2 Glucose transport activity of C. elegans GLUT-like transporters expressed in Xenopus oocytes

() The levels of GLUT-like transporters at the cell surface as determined using exofacial HA epitopes. cRNAs for transporters HA-tagged in the first exofacial loop were injected into oocytes. The HA
tag at the cell surface was detected with an anti-HA antibody and a 8-galactosidase-conjugated secondary antibody. Results are means + S.E.M. for three separate experiments. *P < 0.05 compared
with the water-injected control oocytes. (B) Glucose-transport activity associated with the indicated putative GLUT-like transporters (without HA tags). Results are means + S.E.M. for three separate
experiments. ns, not significantly different compared with the water-injected control oocytes. (C) Comparison of glucose-transport activities, in the presence and absence of the HA tags, that are
associated with the expression of hGLUT1 and C. elegans FGT-1A and FGT-1B. Results are means + S.E.M. for three separate experiments. “P < 0.05 compared with the water-injected control
oocytes. (D) Uptake of 50 M D-glucose via FGT-1A expressed in oocytes. Time courses were found to be linear. Results are means + S.E.M. for three separate experiments. (E) Rates of maximal
transport for glucose in Xenopus oocytes expressing 50 ng of cRNA for FGT-1A and FGT-1B. Oocytes were incubated with the indicated concentrations of p-glucose (S). The rates of [*Clglucose

uptake (v, pmol glucose/oocyte per min) were used in least-square fits to the Michaelis—Menten equation. Results are means + S.E.M. for three separate experiments.

observed level of reduction in the fgz-1 transcripts was sufficient
to produce significant reductions in 2DG uptake (Figure 4A),
glucose oxidation (Figure 4B) and glucose conversion into
triglyceride (Figure 4C) in intact worms.

It has recently been suggested that an unidentified glucose
transport may be regulated downstream of the DAF-2 receptor
in C. elegans [7]. The results of the present study suggest that the
FGT-1 transporters may fulfil this role. To examine the possibility
that alteration in the genetic background of the worms might
alter the effects of FGT-1 reduction in glucose oxidation we
examined this process in daf-2 [24] and age-1 [15] loss-of-
function mutant worms. It was found that the daf-2 mutants
had significantly reduced levels of glucose uptake and oxidation
and conversion into triglyceride (Figures 4B and 4C). This is
consistent with data on 2DG uptake in worms fed a daf-2-

© 2013 The Author(s)

knockdown construct [7]. This suggests that glucose uptake and
metabolism is dependent on the DAF-2 receptor. On the wild-
type, daf-2 and age-1 backgrounds, FGT-1 reduction resulted
in significant further inhibition of glucose uptake and oxidation
(Figure 4).

Dependence of C. elegans lifespan on FGT-1 activity

We next examined whether the FGT-1 transporters might influence
longevity in C. elegans. Such a lifespan-extending effect might be
anticipated from the known longevity effects of nutrient restriction
[6,25] and reduced DAF-2 signalling [15,24], both of which may
mediate a lowering of glucose uptake. We have confirmed [8]
(Figures 5A and 5B) that high-glucose levels (20 mM) reduce
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Figure 3 Knockdown of fgt-1a and fgi-1b in wild-type and signalling mutant C. elegans strains

(R) C. elegans wild-type strain (N2) L1 larvae were seeded on to NGM plates seeded with fgt-1a or fgi-1b RNAI bacteria (with or without 1 mM IPTG to induce knockdown). The young adult worms
were transferred on to NGM plates (50 ..M FUDR, with or without 1 mM IPTG) seeded with fgt-1a or fgt-1b RNAI bacteria. The worms were maintained on the plates without exhaustion of bacteria
food source for 10 days. Total RNAs of each sample were extracted and the extent of knockdown of the total fgt-7 mRNA was determined by gPCR using primers to a region present in both transcripts.
Results are means + S.E.M. for three separate experiments. (B) C. elegans L1 larvae of wild-type strain (N2) or strains mutated in the DAF-2 receptor [daf-2 (e1370)], or the PI3K [age-7 (hx546)]
were seeded on to NGM plates seeded with fgt-1a and fgt-1b RNAI bacteria mixture (1:1 ratio) (with or without 1 mM IPTG to induce knockdown). The young adult worms were transferred to NGM
plates (50 M FUDR, with or without 1 mM IPTG) seeded with fgt-1a and fgt-1b RNAI bacteria mixture (1:1 ratio). The worms were maintained on the plates without exhaustion of bacteria food
source for 10 days. Total RNA of each sample were extracted and the extent of knockdown of the total fgt-7 mRNA was determined by gPCR using primers to a region present in both transcripts.
Results are means + S.E.M. for three separate experiments. *P < 0.05 compared with the uninduced control. mRNA levels in mutant strains daf-2 and age-1 were not significantly different (n.s.)
compared with the wild-type strain (P =0.072 and 0.075 respectively).
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Figure 4 Knockdown of fgt-1 influences whole-body glucose uptake and metabolism in C. elegans

(R) Whole-body 2DG uptake in the indicated C. elegans strains was determined. *P < 0.05 compared with the control uninduced RNAI. W P < 0.05 compared with the wild-type C. elegans strain
fed with control uninduced RNAI bacteria. (B) Whole-body glucose oxidation in the indicated C. elegans strains was determined from the conversion of medium 500 M [™Clglucose into ™CO,
which was trapped in KOH. *P < 0.05 compared with the control RNAi. W P < 0.05 compared with the wild-type C. elegans strain fed with control uninduced RNAI bacteria. (C) Whole-body glucose
into fat conversion in the indicated C. elegans strains was determined from the ™C fat content extracted from worm lysates with heptane. *P < 0.05 compared with the control RNAI. WP < 0.05
compared with the wild-type C. elegans strain fed with control RNAI bacteria. Results are means + S.E.M. for three separate experiments.
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Figure 5 fgt-1 knockdown extends lifespan in C. elegans

(A) Determination of lifespan for wild-type (N2) worms exposed to fgt-1a RNAi (A) and fgt-1b RNAI (@) with high (20 mM) glucose concentration medium. A and O, control uninduced RNAI.
(B) Determination of lifespan for wild-type (N2) worms exposed to fgt-1a RNAI (A) and fgt-1b RNAi (@) together with NGM. A and O, control uninduced RNAI. (C) Determination of lifespan for
wild-type (N2) worms exposed to a fgt-1a and fgt-7b RNAi mixture (1:1 ratio) together with NGM. A, fgt-1 RNAI; A, control uninduced RNAI.

the lifespan of worms and this effect is not reduced by fgr-1
mRNA knockdown. The lack of effect of 70-75 % knockdown
of fgt-1 transcripts in worms taking up high levels of glucose
may occur because knockdown on this background is insufficient
to reduce glucose-derived energy metabolites to a level that
influences lifespan; however, knockdown of fgz-1 leads to an
increase in lifespan on medium nominally free of glucose, where
any available sugar is derived from bacteria or worm metabolism
of ingested bacteria. We obtain the same lifespan-extending
phenotype in nominally glucose-free medium using either RNAi
alone (Figure 5B) or by a combination of fgz-1a and fgt-1b RNAi
(Figure 5C). The maximum lifespan with the fgr-1 knockdown
is extended from 35 to 42 days, whereas the mean lifespan is
extended from 20 to 25 days. Thus the extension to lifespan is
20-25 % (P < 0.0001; Table 2). The lifespan-extension effect of
fgt-1 knockdown is equivalent to that in daf-2 and age-1 worms.

The lifespan-extending effects of fgz-1 knockdown are reduced
from 7 to 2.5 days on the daf-2 background (Figures 6A and 6B),
whereas there is no significant lifespan extension on the age-/
background (Figures 6C and 6D, and Table 2).

DISCUSSION
Glucose transporter identification

Bioinformatics approaches have identified a large number of C.
elegans sequences as belonging to the sugar transporter family;
however, we show in the present study that this approach in
C. elegans leads to misassignments, as only FGT-1 isoforms
(A and B) are functional. While the present study was in
progress [26], Kitaoka et al. [27] reported similar findings

© 2013 The Author(s)

on the transport activity of the FGT-1A isoform. Alignment
of all the C. elegans putative transporter sequences with
GLUT1 (Figure 1 and Supplementary Figure S1) suggests
that many of these proteins have charged residues lying
centrally within the TM segments of the C-terminal half of
the protein, and particularly in the TM7 section which is
thought to be involved in substrate recognition (Supplementary
Table S3 at http://www.biochemj.org/bj/456/bj4560219add.htm).
However, the bona fide mammalian GLUT transporters in the
Class1 subfamily do not have charged residues in these regions.
Therefore the lack of charged residues in TM segments could be
considered an important signature characteristic for facilitative
glucose transporters in general.

The recent crystallization of XylE, the bacterial homologue of
the Class1 GLUT transporters, and the modelling of the GLUT1
structure has highlighted the importance of the TM7 region in
substrate binding deep within an exofacially directed cleft in the
transporter [20]. Invariant and non-charged residues in this region
are therefore probably essential for glucose recognition. The
critically conserved regions necessary for sugar substrate binding
around TM7 [28-31] are clearly present in the FGT-1 C. elegans
transporters (Figure 1). In particular the critical QQLSGIN and
YST sequences [22] that mutagenesis studies on GLUT1 have
shown to be essential are present in these C. elegans sequences.
The FGT-1 proteins are described in WormBase as the C. elegans
GLUT3 homologues (43 % identity), but also have significant
identity with GLUT1 (37 %) and GLUT4 (35 %) (Table 1). The
FGT-1 proteins are therefore likely to be functionally equivalent
to the regulated facilitative glucose transporters in mammals.

Even within the mammalian GLUT family of proteins
some misassignment of glucose as the main substrate of the
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Table 2 Statistical analysis of lifespan extension in C. elegans

Statistical analysis was performed with Kaplan—Meier method. Data are the combined values for two independent experiments.

Strain (RNAI) Maximum lifespan (days) ~ Mean lifespan (days) P value (compared with the control) Number of nematodes (censored)
N2 (fgt-1a RNAI, high glucose) 21 12 0.0603 64 (0)
N2 (control RNAI (fgt-1a), high glucose) 27 12 66 (0)
N2 (fgt-1b RNAI, high glucose) 23 13 0.8005 74(0)
N2 (control RNAI (fgt-1b), high glucose) 22 13 70 (0)
N2 (fgt-1 RNA) 430 25.0 <0.0001 122.(3)
N2 (control RNAI) 35.0 20.0 124 (5)
N2 (fgt-1a RNAI) 40,0 240 <0.0001 141 (1)
N2 (control RNAi (fgt-1a)) 35.0 20.0 124 (6)
N2 (fgt-1b RNAI) 42.0 25.0 <0.0001 116 (4)
N2 (control RNAi (fgt-1b)) 35.0 20.0 131(3)
daf-2(e1370) (fgt-1a RNAI) 46.0 295 0.0001 128 (3)
daf-2(e1370) (fgt-1a RNAI control) 4.0 27.0 131 (4)
dat-2(e1370) (fgt-1b RNA) 470 28.0 0.0232 128 (5)
daf-2(e1370) (fgt-1b RNAi control) 420 26.0 150 (0)
daf-2(e1370) (fgt-1 RNA) 47.0 29.0 0.0035 123 (4)
dat-2(€1370) (control RNA) 410 26.0 126 (0)
age-1(hx546) (fgt-1a RNAI) 430 26.0 0.0009 108 (0)
age-1(hx546) (fgt-1a RNAI control) 4.0 25.0 115(1)
age-1(nx546) (fgt-1b RNA) 420 26.0 0.0148 126 (1)
age-1(hx546) (fgt-1b RNAI control) 440 25.0 110 (5)
age-1(hx546) (fgt-1 RNAI) 440 27.0 0.0626 116 (0)
age-1(hx546) (control RNAI) 41.0 26.0 121 (4)
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Figure 6 The lifespan-extending effects of fgt-1 knockdown are reduced on the daf-2 background, whereas there is no significant lifespan extension on the
age-1background

(A) Determination of lifespan for daf-2 (e1370) mutant worms exposed to fgt-1a RNAi (A) and fgt-1b RNAi (@) with NGM. A and O, control uninduced RNAI. (B) Determination of lifespan for
daf-2 (¢1370) mutant worms exposed to a fgt-1a and fgt-1b RNAi mixture (1:1 ratio) together with NGM. A, fgi-1 RNAi; A, control RNAI. (C) Determination of lifespan for age-7 (hx546) mutant
worms exposed to fgt-1a RNAi (A) and fgt-1b RNAI (@) together with NGM. A and O, control uninduced RNAi. (D) Determination of lifespan for age-1 (hx546) mutant worms exposed to a fgt-1a
and fgt-1b RNAi mixture (1:1 ratio) together with NGM. A, fgt-1 RNAI; A, control uninduced RNAI.
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putative transporters appears to have occurred. The GLUT
family of proteins is now divided into three classes based on
phylogenetic and bioinformatics approaches. The Class1 GLUTs
are functionally well characterized as glucose transporters. This
class includes the GLUTI1 found in most mammalian cells,
GLUT?2 found mainly in the liver and pancreatic B-cells, GLUT3
found mainly in the brain, and GLUT4 found mainly in insulin-
responsive adipose, heart and skeletal muscle tissue. It is these
transporters that are primarily responsible for maintaining normal
glucose homoeostasis and endocrine-regulated glucose uptake.
For the Class2 and Class3 GLUTs the substrate preferences
and specificities of the transporters are unclear and there are
emerging examples of misassignment of these proteins as glucose
transporters. Functionally well-characterized transporters include
GLUT9 (in Class2) which is now known to have a strong substrate
specificity for urate [32], whereas HMIT (in Class3) is a H*
symporter for myo-inositol [33].

These comparisons suggest that many of the C. elegans GLUT
homologues may have alternative facilitative transport substrates
or may exhibit ion-coupled active transport. Future studies could
be aimed at identifying the preferred substrates of these proteins.

Regulation of glucose transport and metabolism in C. elegans

The results of the present study lead us to conclude that FGT-1 is
the major transporter responsible for glucose uptake in C. elegans
as a 70 % reduction in the mRNA for this protein leads to a highly
significant reduction in glucose transport. FGT-1 is therefore
likely to be responsible for maintaining basal non-stimulated
levels of glucose transport. We found in the present study that
glucose transport activity and associated glucose metabolism are
reduced in worms with an inactivating mutation in daf-2. This
suggests that FGT-1s are also responsible for stimulated uptake in
C. elegans. These data are consistent with the findings from Zarse
et al. [7] who have reported that transient knockdown of DAF-2
leads to reduction in glucose transport.

We have confirmed that when worms are incubated with high
(20 mM) glucose there is a very marked reduction in normal
lifespan [8]. We report in the present study that lifespan can
be extended beyond the normal level (and while the worms
consume only bacteria from the medium) by knockdown of fgz-1.
The lifespan-extending effects of fgz-/ knockdown are reduced
from 7 to 2.5 days on the daf-2 background, whereas there is
no significant lifespan extension on the age-I background. In
studies in which calorie restriction and daf-2 mutation have been
combined the lifespan-extending effects have been reported to be
additive, suggesting independence of these effects [34] or non-
additive, suggesting that they are on a common pathway [7,35].
The results of the present study suggest that the major part of
glucose uptake in C. elegans may be controlled by signalling, as
reduction in FGT-1-mediated glucose transport increases lifespan
to a level that is similar to a reduction in DAF-2 signalling.
The involvement of AGE-1/PI3K in the signalling route between
AGE-1 and FGT-1 is less clear and non-PI3K routes from
AGE-1 signalling to glucose transport may occur. Divergence in
signalling to glucose transport also occurs in mammals [2,36,37].

The insulin-sensitivity and healthy-aging dichotomy

Reduced signalling from insulin and insulin-like peptides leads
to increased lifespan in all species [4]. In mammals this effect
occurs when reduced signalling is confined to specific tissues.
Mice live longer when the insulin receptor is knocked out,
specifically in fat tissue [11]. Likewise brain-specific knockout
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of IRS2 (insulin receptor substrate 2) in mice extends lifespan
[38]. By contrast, a common strategy for combating the insulin
resistance that is associated with Type 2 diabetes is treatment with
insulin sensitizers which increase tissue glucose uptake [2,39,40].
Although there are clear benefits of these strategies for lowering
blood glucose and reducing associated cardiovascular damage,
the treatments seem somewhat at odds with the lifespan-extending
effects of reduced insulin signalling [6].

In mammalian insulin-sensitive tissues, the GLUT4 glucose
transporter is highly sequestered in a specialized intracellular
compartment. This system may be evolutionarily conserved
through the conservation of thrifty genes, such as the
RabGAPs (Rab GTPase-activating proteins), that sequester
the glucose transporters in intracellular compartments of
hormonally controlled tissues so that blood glucose is spared
for the brain [41]. The present study on the glucose-transport
dependence of lifespan in C. elegans leads us to suggest
that healthy aging strategies could be more directed towards
sequestering glucose-transport activity and maintaining low-basal
glucose-transport rates than towards increasing insulin sensitivity.
Such a strategy would have to be associated with measures to
reduce unnecessary nutrient intake in humans over extended
periods [7].

In C. elegans and in mice reduction in glucose uptake have
been shown to lead to increased AMPK activity, increased
mitochondrial activity, increased stress response to ROS and
beneficial effects on life expectancy [6,11]. Low-calorie diets
are associated with improved health outcomes in mammals and
humans [42-46]; however, directly attributing effects of nutrient
restriction to changes in glucose uptake is more problematic in
studies on mammals than in simple organisms, as a wide range of
tissue-specific responses are known to contribute to maintaining
normal glycaemia [47]. Nutrient restriction can greatly lower
glycaemia of hyperglycaemic animals with more moderate effects
in normoglycaemic animals [48].

Polyphenolic compounds that extend lifespan in C. elegans
may act on a range of targets including sirtuins and ROS [49,50];
however, controversies exist concerning these effects [5,51]. A
range of polyphenolic compounds, including phloretin that we
have used here as a transport blocker, are known to interact
strongly with GLUT1 in human erythrocytes [52] and thus may
target FGT-1. Further studies could therefore usefully determine
whether some of the longevity effects of polyphenolic compounds
in C. elegans may occur through alterations in glucose uptake.

The results of the present study suggests that the FGT-1A and
-B are the major, and maybe the only, GLUT-like proteins in C.
elegans that are functional glucose transporters. The discovery
of a lifespan extending role for FGT-1 suggests that it may be
a therapeutic target for healthy aging. The lifespan-extending
effects of DAF-2 and AGE-1 are known to be complex and
involve many distinct targets [10,11]. However, the discovery
that FGT-1 in C. elegans is a paralogue of the mammalian GLUT
transporters, and may constitute a common axis for hormonal and
nutritional control of energy metabolism, suggests that further
studies on this system in the relatively simple C. elegans model
of aging will have direct bearing on the more complex problem
of investigation of healthy aging in humans.
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FGT-1 is the major glucose transporter in C. elegans and is central
to aging pathways
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Table S1 Primers used for cloning the putative glucose transporter genes Table S2 Insertion sites for the exofacial HA tag in putative C. elegans
from a C.elegans cDNA library transporters
) ] ] o The influenza HA epitope (peptide sequence, IDYPYDVPDYAE) was introduced using the sense
Gene Name  Genesize (bp)  Primername  Primer sequence (5'—3') oligonucleotide: 5'-TGAGATCGATTATCCTTATGATGTTCCTGATTATGC-3' and the antisense
oligonucleotide: 5'-TCAGCATAATCAGGAACATCATAAGGATAATCGATC-3'. Aspecific restriction
fot-1a 1479 H17aFOR AAATGGGTGTCAACGACC enzyme site (Bsu361) was created by site-directed mutagenesis (at the position indicated in the
H17aREV GCATTACTTCCTCTTCTCG Table) so that the sticky ends could be produced after the digestion. Subsequently the HA tag
fot-1b 1533 H17bFOR ATGTCGGAAAAATCAAGAAGTG was ligated into the sequence with correct orientation. The consequent mutated amino acids for
H17bREV TTACTTCCTCTTCTCGAATTCG each protein are listed.
H17int GGCCACTGATCTTTGCC
RO9BS. 11 1551 RO9FOR ATGAACGCC GTTGTTGCC Gene name Position of the HA insertion Mutated amino acid
RO9REV CCGACTATGAACATATCCG
RO9intFOR GGTGCCAA TGTTTCTTACCG
ROGINIREV  CGGTAAGAAACATTGBCACC HI78011a  The-GIu -
C35ATIA 1548 C35FOR  ATGGTGGAAGCACCCAGTTTTCGG HI7B0110 Pro’-Gly’ -
C35REV  CTAGAGTCGATAAGATAAGG ROSBS.11 - Pro’~Gly -
C35NFOR  CTGTGAGATTGATGAAGCC C35A114 Me®Asn® Met®—Pro, Asn®—Asp
C35INREV  GGCTTCATCAATCTCACAG FI4ES1 — Thr-Glu™ -
Fl4E51 1419 F14FOR ATGTCAAATAGATTGTGGCC Y39EABS  Leu®-Arg®® Arg®—Ala, GIn*" — Glu, Pro**— Ala
F14REV TCATTTTTTTTTAAGTTCATTC F48£3.2 Asn*2—Glu*® -
FI4intFOR  GGAGATGGTACAGATGC K09C4.5 Pro®!—Thr®2 Thr*?— Ala
FI4itREV ~ GCATCTGTACCATCTCC K09C4.1 Thr~Glu® Thr**—Glu
Y39E4B5 1518 Y39FOR ATGCGGTGGCAAACGATTCG T08B1.1 Asp™®~Trp” Asp”—Glu, Trp"—Gly
Y39REV TTAGTAAATTCGAAGATGTCC
Y39intFOR  CATGAGCGAATATCAAGCC
Y39intREV GGCTTGATATTCGCTCATG
F48E3.2 1467 F48FOR CCAGTGACAACATGCAAAAACTCAATTGG
F48REV GGCTGTCATTATAATTTATTCATTCC
F48intFOR CGTCGTGGGTTTTTGTTGGG
F48intREV CCCAACAAAAACCCACGACG
K09C4.5 1575 K4.5FOR CCATTAGCAATCATGTTATTCAATGCGCC
K4.5REV GGCAATGAAGCAAGCAAACATCGCAGG
K45intFOR  GGAGAAGAATTTGACACAGG
KA5intREV ~ CCTGTGTCAAATTCTTCTCC
T08B1.1 1776 TO8FOR ATGTCAGAATTTGAAGAAG
TO8REV CAGTCTTCCTTCACATTTGG
TO8intFOR CGTCCTGACCTACGCTATGG
TO8intREV CCATAGCGTAGGTCAGGACG

" Present address: Department of Histoembryology and Neurobiology, College of Basic and Forensic Medicine, Sichuan University, Chengdu,
Sichuan, 610041, People’s Republic of China.
2 To whom correspondence should be addressed (email g.d.holman@bath.ac.uk).
The gene and protein names for fgt-1a and fgt-1b and FGT-1A and -1B have been deposited in WormBase (http://www.wormbase.org) under accession
numbers NM_061580.4 and NM_061581.1 respectively.
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Table $3  Positions of charged residues in putative TM segments

Charged residues in putative TM segments were identified following sequence alignment (Figure S1). The Table includes charged residues within the central eight residues in the proposed TM
regions, but excludes charged residues in the first or last three residues of the proposed helices. The membrane topology of each putative transporter was set up to maximize alignment with the
hGLUT1 TM regions and at the same time taking account of the membrane topology predicted by the SOSUI program.

Putative charged residue positions in TM segments

Strain ™1 ™2  TM3  TMm4 T™5 ™6 ™7 ™8 ™9 ™10 ™11 TM12
FGT-1A Asp® Arg® Asp36

FGT-1B Asp% Arg60 Asp64

R0O9B5.11  Asps'  Asp¥ Arg'®! Lys'® Lys®4, Asp3e

C35A11.2 Arg' Glu™"  Asp?’ Asp®™0, Asp%8 | Arg®2 Arg*

F14E5.1 Asp® Arg' Glu™?, Asp'™ Lys309 Lys®7, Arg®®

Y39E4B 5 Argm, Asp133 G|u157Y LySWS Argmz Asp324’ ArgSZS Asp418

F48E3.2 Glud” Arg'? Glu'® Arg%6 Asp®0 Lysi4

K09C4.5 ASpZO Arg97 AI’QW‘M Aspﬂiz Asp273 ASDBWQV ArgSﬂ Lys338 G|u365Y Gly36e

K09C4.1 Asp® GO Arg” Lys' Gl AspP! Asp?®?  Asp¥, Lys?t Lys¥2, Lys¥s, GIU®™*  GIuP™, Arg?®®
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™1 ™2
FGT-1A ——— MGVNDHDVSVPLQEVQSRT —————————mmr VEGKL TKCLAFSAFVITLASFQFGYHIGCYNAPGGLITEWI IGSHKDLFD———KELSRENADLAWSVAVSVFAVGGMT 94
FGT-1B  ———-MSEKSRSDTSATASLSDSSKSPSSYSTPGTTTQK 1 1FPDGKL TKCLAFSAFV ITLASFQFGYHIGCVNAPGGL I TEW I IGSHKDLFD——KELSRENADLAWSVAVSVEAVGGMI 112
RO9BS5. 11 MNAVVASQNKNDRSFSNMESESSSNVE-——KSEKENHHQSLPDENWTPFLFFCISSTALASFQDGFQIGCINAPGPL 1 1DW IKKCHFELFG—-—EVLSQYQADF INSVAVSMESVGGMF 113
C35A11.4 MVEAPSFRMICYAVITSIAGSFHFGFNLVLTNPSQEAFLNFMNQTLAKRFDG-—-GLSDNTLQNIWSFVVAILFLGALA 76
F14E5. 1 MSNRLWPVKQVCIFALTAFASNENYGESTTYINTSVDEFKTFLNTSLSRRHV ———~IMTEEKYDLIWNVFLNCWFIGSFF 76
Y39E4B.5 ———- MRWQT IRLISTYAALSATTNFPSGFTNSSVNTAVEKLHKF IATSLRQPGYP-————DDENTIALFQSATLNCWEVAQIF 74
F48E3.2 --——r————————————— “MQKLNWKLLILSAVLATTATIFQMGY TNAYPNTAIGSFRIFLNESANEPYT ————— LSNSEFEWAWSAMLATYFIGFAA 73
K e e e MLENAPPNIIYMLLCFLLMDISNTVLMLLEPTLADT INEMNNHTLSAHFG———IEPTIANVNVMNSMITGASTVGLEV 75
K09C4. 1  ———--- . MKFTVPRNILEMIFTFVLUDIVMOMQVLTFSALAELVNQMNNYTLSAHFG~——— I TPTETSVGVLNSIFAVTHETGNAL 75
Gl MEPSS————————— KKLTGRLMLAVGGAVLGSLQFGYNTGVINAPQKV IEEFYNQTWVHRYG——ESILPTTLTTLWSLSVAIFSVGGMI 78
T™M3 T™M4 TM5

FGT-1A  GGLSSGWLADKVGRRGALFYN-NLLALAAAALMGLAKSVGAYPMVI TIGLNCGFSSALVPMFLTETSPNNLRGMLGSLHQLLVTIATLVSQIFGLPHLLGTGDRWPLIFAFTVVPA 213
FGT-1B  GGLSSGWLADKVGRRGALFYN-NLLALAAAALMGLAKSVGAYPMVI TIGLNCGFSSALVPMFLTETSPNNLRGMLGSLHQLLVTIAILVSQIFGLPHLLGTGDRWPLIFAFTVVPA 231
RO9B5. 11 GSFCSGFLADKFGRKSTLLYN-NILALLAAVCLSTSKLFNFYPMIV] LVGLNCGITSGLVPMFLTELAPANLRGKCGSFHQLNISVATIVLSQALGLPQIFGTQVGWPY IFACVAIPT 232
C35A11.4 GSFSIRLIADWIGRKNGLYIS-IAVGVLAGGMSIASKF IPLFELYIASRIVMGWSVSVSLGLSALFLSEASPKQNRGAIGMMTGTCVQLGTVCGSVIAMPQIFGTEDLWWLIYATEIGIM 195

FI4E5. 1 GVWINSIFSERFGRRVGFLIG-NSVAFISSILQCLSLIWYCPELLIVSRFITSICMAATYQSCILFLQECSPTHLRGSFS SSMTMVGSFLGQDY I TGSHLFWLCFFVVPFC-- 193
Y39E4B. 5 GAIMTPMISDGYGRKFGY IVC=VTTTIFATEVQYFSICFYMPWGLI LTALVSPLGDACLLLYVQETSPLEIRGMSS! GYGTMCVLGMVLGMKSVLG--ESLSRLLLLSLIPL 191
F48E3. 2 GSVISAGVADRIGRKWTLFLG-TCGSLLSSLIALFAITLKMPLMFGFSRLVMSLSAATSMNGLILLFQESSPSHMRGLIS ITNLIGGLFGMQSILG--QNIVGLIAVSIIPS 190

Kngé4: 5 SLFVLVPFAETKGRKYTVVYFRFIISVVSSLC I IMSALFQASEFFILGSAVNGLALPMRMFVTMLE ITECAPDKYRGFASTALIFSDVIGQVIMFSTATPNVLGRANTW VIFPLAVLMSS 195
K09C4. 1 ATIFLLPVADSRGRKFMAVYLRFALLFLTGFFHLLATSFQAAEAYTLGOQLFLGIQSPLHLLITPMY ILECAPDNCRGFASTAL IFSFSIGKLLMFSAASPTFLGT IDSWFIIPLFEMVCS 195
GLUT1 GSFSVGLEVNRFGRRNSMLMM-NLLAFVSAVLMGFSKLGKSFEMLI LGRF T IGVYCGLTTGEVPMYVGEVSPTAFRGALGTLHQLGI VVGILIAQVFGLBS IMGNKDLWPLLLSTIFIPA 197

T™Mé ™7
FGT-1A  VLQLALLMLCPESPKYTMAVRGQRNEAESALKKLRDTEDVSTEIEAMQEEATAAGVQ-—EKPKMGDMFKG-ALLWPMSTATMMMLAQQLS —GINVAMFYSTVIFRGAGL TGNEPFYAT 327
FGT-1B  VLQLALLMLCPESPKY TMAVRGQRNEAESALKKLRDTEDVSTEIEAMQEEATAAGYQ-~ EKPKMGDMFKG-ALLWPMSTA IMMMLAQQLS—GINVAMFYSTVIFRGAGLTGNEPFYAT 345
RO9B5. 11 FLQLATIPFCVESPKYLISKLNDREEARRTLEKLRGHTKVDEELEHMVQETMVT -VEPL-HQPGYVSLFKG-DNQWPMIVS ILMMFSQQFS—GISAVTFYSTLIFKRNGLSGNEPMYAT 347
C35A11.4 LFFGAALPFFPESPGFLIQRGATEAATKSIAYYYNCEIDEAEKHLNETKEEQKNSTK ~—-NFKMMD1VRKKSLRDKAFIGVVVTFAMSFS—GVAVINAFAFDILKDTGLKVLEASLAN 309
FI14E5. 1 LEFTLILFILPETPKFLLISKDEEEEATKSVKYYHGDGTDAKQVLEDIRKEAECEQDS —SKSTTFQKMKELFTERHLRMALTILSVSALTNTVGLWALLLSSTFFLENANVESETAEWST 311
Y39E4B. 5 FCSLCFIVRIPETPKFLMIMRNDREKALKSLEFFQGESSDNAY IMSEYQAEKMTDKLS —QDSTFVDLLSKWHLRQAMRLALAT-LSLTLS—-FYPILQSSTYFLLESGVSVDMAQICS 305
F48E3. 2 SVACFLTVFLKESPKYLFLKKHDATEAGRALQFYQNIKDEEEKMNVLNDLKLEKEEMGHQKNGSLFD IMAN ———QPVRRGFLLGLATMQLTASVWPVVEYSTDFLMDAGF SYELSESVS 306
K09C4. 5 TVIFFMTLRLPESPKWLVR-QNKIEEASRATEFYHGENCCLNEVVSSY IKEKNLTQE-—DQISLR—————— QALKVLCSVSLFLY! SGVIQGVYTVLLHKTAGF TVQEALNVN 300
K09C4. 1 VMILCLMIHLPDSPKWLIQ-QNKVKKAEDS IKFYYGK-HFLDEVVTSLIKEKNLTKD-—NRISLRQIWENDTLRESLKILFAVTVFLQ TTTAQSVY TIDFHKTAGF TVQEALNIN 308
GLUT1 LLQCIVLPFCPESPRFLLINRNEENRAKSVLKKLRGTADV THDLQEMKEESRQMMRE - —KKVT ILELFRSPAYRQPILTAVVLOLSQAQLS —GINAVFYYSTSIFEKAGVQ--QPVYAT 310

T™8 T™™9 TM10 T™M11
FGT-1A  TGMGAVNVIMTLISVWLVDHPKFGRRSLLLAGLTGMFVSTLLLVGALTIQNSGGDKWASYSATGFVLLEVISFATGPGATPWFFVSEIFDSSARGNANS TAVMVNWAANLLYGLTFLPIN 447
FGT-1B  TGMGAVNVIMTLISVYWLVDHPKFGRRSLLLAGLTGMFVSTLLLVGALT IQNSGGDKWASYSAIGFVLLEVISFATGPGATPWFFVSEIFFDSSARGNANS TAVMVNWAANLLVGLTFLPIN 465
RO9B5. 11 VGFGCIKLIATFGCLFLIDHPKFGRKRLHIAGLSGMCISSILIVITLTLSNAG-YHWASYMNVLFILSFVVTFAFGPGPIPWFFTSELFDSATRGRAAAVSATSNWVANWMVGLTFLPIN 466
C35A11.4 DATISVVSMISSIVAAVI NGRRPLLLISFAGILVCNLI IFALMFTFYKFENHVLGFILICFICIFTFFFALGPGPLCYF INAELVGQAARSAAQSWASV IQMLSRFV IVTAFLPMK 427
F14E5. 1 TAMGLAYVSGTITGGIV RRKLLLLFTFLNNLALIAFVFFAKIRILIDP-——-MKYGCLVALITYGYTYGTGVGP ISWFISSELVPQKHRS IAQSVAYSMNTVMVVISTFTVLPLY 427
Y39E4B. 5 TMAQVVLTLSSICGAST RRKLLITFGILSNVLLVAFSFFSHLSATVVSPYSWPKYACLASLLAYCISFGMVLGPLSWFVAPELY SQRHRCTIFSACFATHNLLI ALTDFATIPLF 425
F48E3. 2 TGMLELSSLSTIVGMET REWLLIGTASVN-——IAAILVFSLSAILSHYWTWIGYGCITCLILHGISYSVAMGP TAWF ITSELV P INFRAASQSLVLALNHTVALVLAFLTFPLY 422
K09C4.5 LVLVIIFL VGTYTTIDH-LGRRPVMLIAGITVY LMLSTQFITYFVGPSVLTKWLY IGVECLSESSLATGVTSLGILFISELFPPSARTCVAQALILVTMTINLPIISIFPIVY 419
K09C4. 1 LILTTY IGTL ~LGRRPAMGYAGYMKYSKSMLLLAFEILVFISGSSL I TKIMYVAVELLT ILVPVTGANS IRVLEVTELFPPSARTAVGQAMLFGSMAVNSPIVALYPIVN 427
GLUT1 IGSGIVNTAFTVVSLF —AGRRTLHLIGLAGMAGCAILMT IALALLEQL--PWMSYLS IVALFGFVAFFEVGPGP IPWF IVAELF SQGPRPAA TAVAGFSNWTSNFIVGMCFQYVE 426

T™M12
FGT-1A  NLMQQYS--FFIFSGFLAFFIFYTWKFVPETKGKSIEQIQAEFEKRK 492
FGT-1B  NLMQQYS--FFIFSGFLAFFIFYTWKFVPETKGKSTEQIQAEFEKRK 510
RO9BS. 11 NITHQEASSHEMEIREIFEIEATEINREY PETKGKSPSA IRKELAFMRKRICS ——— — —m— - —-— e ———————————————— 516
C35A11. 4 NQLGEAWSYLILEVAPVAASLVYLYFSLPETKNKNPFEVEEATEDLPKFPLCGKNRVYD-RKQSQEMVLSRQMQLVVDYGS IESLSYRL—————~ 515
F14E5. 1 SVIGSYA-FLILYSIPSFISMLILFRYLPETKGRETHDIVNELKKK 472
Y39E4B. 5 RIFGSMC-FVFLEVVPSFFCLCYTYLEMPETLGKSTLDITHEMIDRGLHGSEHHLVNLDTPTLQIRPRMFSSNSDGHLRTY ———————m e 505
F48E3. 2 KTIGPIT-LVIFEVIPGILCTIMLILYLPETKDKHINV IVEQLRETKAKRKESQKLETEESTGMNKL 488

K09C4. 5 SFFGPGF—-FITHVFSQFFFGAYLYRHMPETRGRAVYD ITESLDQEVASRTASFLEETTPLVRKRSSTLAYKRNS ILNTSRTRALTFDHNL IPSGEWN 515
K09C4. 1 SIFPPIF—-FVPEVISQMIFGIYLYRHMPETRGRAVYDITESLDRNVASRTASVTDENTPLFKDQTENRDGKWNSLLNTPRTRALTFEENSHSPN—- 520
GLUT1 QLCGPYV==FITFTVLLVLFFIFTYFKVPETKGRTFDEIASGFRQG-GASQSDKTPEELFHPLGADSQV 492

Figure S1 Alignments of GLUT1 with putative transporters cloned from C.elegans

Many of the putative C. elegans transporters have charged residues (blue and red shading) in regions that correspond to the mammalian GLUT protein TM regions. We propose that this property
may be associated with poor ability to facilitate glucose transport and that the property is likely to be more associated with alternative transported substrates.
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