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Summary

Protein Kinase C has been implicated in the phosphorylation of the erythrocyte/brain glucose
transporter, GLUT1, without a clear understanding of the site(s) of phosphorylation and the
possible effects on glucose transport. Through in-vitro kinase assays, mass spectrometry, and
phosphospecific antibodies, we identify Serine 226 in GLUT1 as a PKC phosphorylation site.
Phosphorylation of S226 is required for the rapid increase in glucose uptake and enhanced cell
surface localization of GLUT1 induced by the phorbol ester 12-O-tetradecanoyl-phorbol-13-
acetate (TPA). Endogenous GLUTL is phosphorylated on S226 in primary endothelial cells in
response to TPA or VEGF. Several naturally-occurring, pathogenic mutations that cause GLUT1
deficiency syndrome disrupt this PKC phosphomotif, impair the phosphorylation of S226 in vitro,
and block TPA-mediated increases in glucose uptake. We demonstrate that the phosphorylation of
GLUT1 on S226 regulates glucose transport and propose that this modification is important in the
physiological regulation of glucose transport.
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Introduction

Results

Tissues can rapidly modulate glucose transport in response to autonomous or extrinsic
signals, but the mechanisms that regulate GLUT1 are still not completely understood. A rare
pediatric neurological disease, GLUT1 deficiency syndrome (G1D), highlights the
importance of precisely regulating glucose transport. A mutation in just one allele of
SLC2A1, which encodes GLUT1, can cause movement disorders, epilepsy, and
developmental delay (De Vivo et al.; Seidner et al.). The diversity and prevalence of
neurological disease caused by SLC2A1 mutations is greater than initially appreciated (Leen
etal., 2010; Suls et al., 2009). Mutations that truncate or destabilize the S_C2A1 transcript
(e.g. nonsense, frame shift, splice junctions) often result in severe disease while missense
mutants sometimes have more subtle clinical phenotypes (Leen et al., 2010). Even missense
mutations that do not effect transporter expression or cell surface localization can cause
neurological disease (Arsov et al., 2012; Wang et al., 2008). The phenotypic variability in
the clinical presentation of G1D patients suggests nuances in the regulation of GLUT1-
mediated glucose transport.

One of the first factors found to increase glucose uptake was the phorbol ester, 12-O-
Tetradecanoylphorbol-13-acetate (TPA). Phorbol esters are extensively-characterized tumor
promoters that exert pleiotropic effects on cell migration, proliferation, and survival through
their actions on diacylglycerol (DAG)-dependent isoforms of Protein Kinase C (PKC)
(Castagna et al., 1982). Phorbol esters induce a biphasic increase in glucose uptake, one with
both rapid and slower components (Driedger and Blumberg). Transcriptional upregulation of
GLUT1 explains the slow increase in glucose uptake that occurs in response to both TPA
and viral oncogenes (Birnbaum et al., 1987; Flier et al., 1987). However, the early,
transcription-independent increase in glucose uptake remains unexplained (Lee and
Weinstein; O'Brien, 1982). While GLUT1 has been identified as a PKC substrate, the
precise location(s) of modification and potential effects on GLUT1 were unclear (Deziel et
al., 1989; Witters et al., 1985). We identify a serine phosphorylation site in GLUT1 that
mediates the rapid, TPA-induced increases in glucose uptake. This phosphorylation occurs
in endothelial cells and is impaired in rare cases of GLUT1 deficiency syndrome, suggesting
that it plays a role in the physiological regulation of glucose uptake.

Protein Kinase C isoforms phosphorylate GLUT1 in vitro and in vivo

Phorbol esters rapidly increase glucose uptake and activate DAG-dependent isoforms of
PKC, so we tested whether PKC might phosphorylate GLUT1 in vitro. Previous studies
localized a potential PKC site to its cytoplasmic domains (Deziel et al., 1989). GLUT1 has
two large cytoplasmic domains—a ~65 amino acid loop (Loop6) after transmembrane helix
6 and a ~41 amino acid carboxy-terminal tail (Cterm) after transmembrane helix 12 (Hresko
et al., 1994). Peptides corresponding to these regions of R. norvegicus GLUT1 were fused to
a Glutathione S-transferase (GST) tag, purified from bacteria, and incubated with PKC
isoforms. Both conventional and novel PKC isoforms (B1, v, 8) could phosphorylate GST-
Loop6, but not GST-Cterm (Fig. 1A). Alanine mutagenesis of evolutionarily conserved
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serine and threonine residues in Loop6 revealed that PKC specifically phosphorylated
GLUT1 on Serine 226 (S226) (Fig. S1A). Alignment of vertebrate homologs of GLUT1
reveals a highly conserved PKC motif surrounding S226 (Fig. 1B) that is not highly
conserved in other facilitative glucose transporter isoforms (Fig. S1B). The location of basic
(position -3, +3) and hydrophobic (position +1, +2) residues around S226 matches the
consensus substrate sequences of several PKC isoforms (Nishikawa et al., 1997). A screen
of 229 purified kinases confirmed that several PKC isoforms (8, ¢, and 1) could
phosphorylate the proposed peptide in vitro (Table S1). HeLa cell extracts could efficiently
phosphorylate GST-Loop6 but not in the presence of the PKC inhibitor G6-6983 (Fig. 1D).
To assess GLUT1 phosphorylation in vivo, we analyzed the transporter by mass
spectrometry. To facilitate purification, a hemagglutinin (HA) tag was inserted into the first
extrafacial loop of GLUT1 between Ser55 and 11e56. Rat2 cells were transduced with HA-
GLUT1, stimulated with TPA, and the GLUT1 transporter purified (Fig. S1C). Mass
spectrometry revealed that GLUT1 is indeed phosphorylated on S226 (Fig. 1E). GLUT1 can
alternate between inward and outward open conformations (Deng et al., 2014). Modeling of
a phosphoserine onto S226 of GLUT1 confirmed that the site is on an intracellular helix of
the central cytoplasmic loop with its sidechain exposed to the cytosol in both conformations
(Fig. S2). Two custom phosphospecific antibodies against GLUT1 Phosphoserine 226
(pGLUT1 S226) were generated that specifically recognize in vitro phosphorylated GST-
Loop6 peptides (Fig. S1D). Using these antibodies, PKCp1 was found to phosphorylate full-
length GLUT1 in vitro, but not when pretreated with a PKC inhibitor G6-6983 (Fig. 1E).
Serum starved Rat2 cells expressing untagged WT GLUT1 showed no detectable
phosphorylation of GLUT1 on S226 while TPA-treated cells showed strong phosphorylation
of the site (Fig. 1F). Endogenous GLUT1 protein was also phosphorylated after TPA
treatment of Rat2 cells (Fig. S1E). Using phosphospecific antibody immunoprecipitation, we
estimate that ~70-85% of GLUTL is phosphorylated in TPA treated Rat2 cells (Miinea and
Lienhard, 2003) (Fig S1F). Finally, the partial depletion of PKCa in HeLa cells impaired
GLUT1 phosphorylation after TPA (Fig. S1G) implicating PKCa in GLUT1
phosphorylation in HeLa cells.

S226 phosphorylation is required for TPA-induced increases in glucose uptake

To assess the functional effects of GLUT1 phosphorylation, we first confirmed that Rat2
cells could rapidly increase glucose uptake in response to TPA. Fibroblasts treated with TPA
for 30 minutes increased tritiated (3H) 2-deoxyglucose (2-DG) uptake by ~50% in a dose
responsive manner. This rapid induction of glucose uptake was inhibited by incubation with
G06-6983 suggesting that TPA exerted its effects through PKC (Fig. S3A). To assess if
GLUT1 phosphorylation contributes to increased glucose uptake, wild type (WT) and Serine
226 to Alanine (S5226A) mutant GLUT1 constructs were transduced into Rat2 cells. Both
WT and mutant transporters were stably expressed ten-fold over the endogenous transporter
(Fig. S3B). In the absence of TPA, 3-O-methyl-D-glucose (3-OMG) uptake (Fig. S3C), 2-
DG uptake (Fig. 4E); endocytic trafficking assays (Fig. S3D, E), and cell proliferation (Fig.
S3F) were not significantly different in cells expressing WT and 226A transporters. Serum
starved Rat2 cells expressing WT GLUT1 showed minimal S226 phosphorylation while
TPA-treated cells showed robust phosphorylation at that site (Fig. 2A). The weak signal in
Rat2 S226 A GLUT1 expressing cells is consistent with phosphorylation of the endogenous
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GLUT1 transporter (Fig. S1E). Within 30 minutes of TPA treatment, Rat2 cells expressing
WT GLUT1 dose dependently increase 2-DG glucose uptake by more than 50%. Strikingly,
Rat2 cells expressing S226A GLUT1 did not increase glucose uptake in response to TPA
(Fig. 2B). A time course experiment reveals that WT GLUT1 cells increased 2-DG uptake
as early as 4 minutes after TPA treatment and that the response of WT GLUT1 was
consistently greater than S226A cells (Fig. S3G). Because TPA might increase glucose
uptake through indirect effects on glucose metabolism (i.e. hexokinase activation), the effect
of GLUT1 S226 phosphorylation on the transport of the non-metabolizable 3-OMG was
assessed. Replicate variability precluded analysis of 3-OMG uptake in mammalian cell
culture, so Xenopus oocytes were used to determine the effects of S226 phosphorylation on
the kinetics of glucose transport. Oocytes were injected with cRNA encoding either WT or
S226A GLUT], treated with TPA, and analyzed by Western blot and immunofluorescence.
While both the WT and S226A transporters were expressed and localized to the cell
membrane (Fig. 2C, D), pGLUT1 S226 could only be detected after TPA treatment in the
membranes of WT, but not the S226A, expressing oocytes (Fig. 2C). Immunofluorescence
confirmed a clear localization of pGLUT1 S226 at the cell membrane in WT, but not S226A
expressing oocytes (Fig. 2D). 3-OMG uptake studies revealed that WT GLUT1 had a
maximum uptake velocity (Vmax) of ~385+81 pmol/oocyte/min and a Michaelis constant
(Kp,) of ~25.6+£8.6mM. These values are consistent with previous analyses of the rat GLUT1
transporter in Xenopus oocytes (Nishimura et al., 1993). Treatment of the WT GLUT1
expressing oocytes with TPA markedly increased the Vax to ~879+134 and an increase of
the K, to ~50.1+14 mM. While the S226A transporter had similar transport kinetics as the
WT transporter with a Vax 0f ~277+32 and K, of ~23.8+5.8 mM, the mutant transporter
was markedly less responsive to TPA and showed only a modest increase in its Vpax to
~360+72 and Ky, to ~31.4+8.7 mM after TPA treatment. In response to insulin, GLUT4
increases its Vimax and by increasing transporters localization to the plasma membrane. We
tested whether TPA might increase the localization of the GLUTL1 to the plasma membrane
using biotin to label and quantitate cell-surface GLUT1 abundance relative to a control
plasma membrane protein (Na*/K*-ATPase) in Rat2 fibroblasts (Fig. 2F). Cell surface
GLUT1 labeling was increased by 13.6% after treatment with TPA while pretreatment with
G06-6983 decreased GLUT1 cell surfacing labeling by 8.3% compared to untreated control
cells (Fig. 2G). The presence of a small amount of HSP90, a cytosolic protein, in the
membrane fraction suggests that the extent of GLUT1 localization to the cell surface
induced by TPA may have been underestimated. We conclude that GLUT1 S226
phosphorylation increases glucose transport by increasing the Vnax 0f GLUTZ, at least in
part through the increased cell surface localization of GLUTL.

GLUT1 S226 is phosphorylated in erythrocytes and endothelial cells

GLUT1 is expressed at high levels in erythrocytes, placenta, and blood-tissue barrier
endothelial cells. It also functions as the basal glucose transporter for many tissues and is the
most abundant isoform in proliferating endothelial cells, including umbilical vein and aortic
endothelial cells (Mann et al., 2003). To address the physiological significance of GLUT1
S226 phosphorylation, primary erythrocytes and endothelial cells were analyzed.
Erythrocytes from healthy donors showed increased pGLUT1 S226 in response to TPA (Fig.
S4A). However, phosphorylation did not significantly change the rate of 3-OMG uptake in
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erythrocytes (Fig. S4B). Treating primary human aortic endothelial cells (HAEC) with TPA
resulted in increased pGLUT1 S226, which was abolished by pretreatment with G6-6983
(Fig. 3A). TPA also induced a dose dependent increase in 2-DG uptake in endothelial cells,
which was blocked by pretreatment with G6-6983 (Fig. 3B, S6A). Several additional cell
lines—HeLa, primary cardiac endothelial, EA.hy926, and b.End3 cells—demonstrated
minimal pGLUT1 S226 after serum starvation or in the presence of 10% FBS, but showed
clear phosphorylation when treated with TPA (Fig. S5A). Consistent with the modest effects
of serum stimulation on GLUT1 phosphorylation, glucose uptake in serum-stimulated Rat2
cells was not affected by the expression of the S226A allele when compared to WT
expressing cells (Fig. S5B).

The effect of TPA on GLUT1 and pGLUT1 localization in HUVEC was assessed. In serum-
starved cells, total GLUT1 had a diffuse cytosolic localization. TPA stimulation increased
overall GLUT1 staining, with a notable enrichment of signal at the cell membrane (Fig. 3C,
top panel). While very little pGLUT1 S226 could be detected after serum-starvation, TPA
stimulation strongly increased pGLUT1 staining, with a large proportion of the signal
colocalizing with total GLUT1 at the plasma membrane in membrane ruffles (Fig. 3D,
bottom panel). GLUT1 phosphorylation could also be detected in primary tissues in situ.
Staining of acetone-fixed, frozen sections of lymphatic malformations showed a partial
colocalization of pGLUT1 S226 and GLUT1 staining. Robust pGLUT1 S226 staining was
noted in the perineurium and vascular smooth muscle (Fig. 3E).

We next assessed the effects of physiological levels of hormones on pGLUT1 S226.
Vascular endothelial growth factor (VEGF) and Angiotensin Il (Angll) induce rapid,
transcription-independent increases in glucose uptake in endothelial and astroglial cells
(Sone et al., 2000; Tang et al., 1995). Human umbilical vein endothelial cells (HUVEC)
treated with VEGF (100ng/ml) or Angll (200nM) increased pGLUT1 S226 in a time-
dependent manner (Fig. 3D, S6B). VEGF significantly increased pGLUT1 S226 within 15
minutes (Fig. 3E). VEGF induced similar changes in pGLUT1 S226 in primary human
aortic endothelial cells (HAEC) (Fig. S6C, D). VEGF increased 2-DG uptake by more than
20%, an effect that was inhibited by pretreatment with G6-6983 (Fig. 3F). Thus, primary
endothelial cells phosphorylate GLUT1 on S226 and increase glucose uptake in response to
phorbol esters and VEGF (Fig. 3D).

The GLUT1 S226 motif is mutated in cases of GLUT1 deficiency syndrome

Of the scores of pathogenic mutations in GLUT1 that have been identified (Leen et al.,
2010), several reside in the PKC motif surrounding S226. Three missense mutants replace
R223 with a non-conserved residue (P, Q, or W), and one splice-site mutation results in the
in-frame insertion of three amino acids (PPV) between V227 and K228 (Arsov et al.; Leen
etal.; Mullen et al.; Suls et al.). In each case, one or more residues critical for
phosphorylation by PKC is replaced with a non-conserved amino acid (Nishikawa et al.)
(Fig. 4A). We introduced these naturally-occurring mutations into the WT GLUT1
sequence. A G1D-associated mutation in Loop6 of GLUT1 (K256E), which is not predicted
to affect the PKC motif at S226, was included as a control. GST fusion proteins with PKC
motif mutations were expressed at similar levels as the WT protein but were not efficiently
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phosphorylated by PKC invitro (Fig. 4B). The loss of pGLUT1 S226 was not a general
feature of mutant transporters as several G1D associated mutations (K256E, R333W, and
T295M) were still efficiently expressed and phosphorylated compared to the WT GLUT1
transporter in vivo (Fig. 4C, data not shown). Each of the mutants could also be stably
overexpressed in Rat2 cells (Fig. 4D). Despite the slightly lower abundance of the R223P,
R223W, and 227insPPV mutants, all of the mutant GLUT1 transporters had similar levels of
basal 2-DG uptake when compared to the WT transporter (Fig. 4E). While the K256E
mutant maintained its ability to respond to TPA, all PKC motif mutations showed markedly
decreased responsiveness (Fig. 4F, G). G1D mutations in phosphorylation motif surrounding
S226 impair GLUT1 phosphorylation and response to TPA.

Discussion

PKC was first found to phosphorylate GLUT1 about 30 years ago (Witters et al., 1985).
Later, it was found that insulin triggered glucose uptake through GLUT4, independent of
GLUT1 phosphorylation (Gibbs et al., 1986), so interest in PKC-GLUT1 signaling
diminished. However, because this phosphorylation is required for rapid increases in glucose
transport, present in primary tissues, and impaired in G1D, we contend that GLUT1 S226
phosphorylation contributes significantly to the physiological regulation of glucose
transport. Although our findings are specific for GLUT1, the phosphorylation of other
facilitative glucose transporters might also contribute to their regulation.

Although humans possess eleven PKC isozymes, only the conventional and novel isoforms
require DAG for signaling. As diverse, tissue-specific stimuli (e.g. hormones,
neurotransmitters, and growth factors) can all activate PKC through heterotrimeric G
protein and phospholipase C, pGLUT1 S226 may contribute to the rapid regulation of
glucose uptake in many settings (Sone et al., 2000; Tang et al., 1995). The incomplete
colocalization of pGLUT1 S226 and total GLUT1 suggests that tissues differ in the basal
activation of GLUT1 by PKC. Moreover, as other kinases can phosphorylate GLUT1 S226
motif in vitro, there may be some settings in which S226 phosphorylation occurs
independently of PKC. Ultimately, it will be important to determine how diverse, cell-
specific stimuli are integrated with known GLUT1 signaling pathways (e.g. Akt, AMPK) to
modulate transporter function in vivo (Barnes et al., 2002; Wieman et al., 2007).

TPA-stimulated phosphorylation of GLUT1 must increase glucose uptake by increasing the
number of GLUT1 transporters in the plasma membrane and/or by increasing the activity of
the transporter. Our analyses in Xenopus oocytes demonstrate that pGLUT1 S226 increases
glucose uptake largely by increasing Vmax. Consistent with these kinetic studies, TPA
increased the localization of GLUT1 to the cell membrane as assessed by both biochemical
and immunofluorescence assays in cell culture. Perhaps due to the absence of vesicle
trafficking machinery, the phosphorylation of GLUT1 was not associated with an increase in
glucose transport in erythrocytes. While recent structural models do not identify a direct role
for S226 in GLUT1 transporter conformation (Deng et al., 2014), additional studies on
isolated transporters are necessary to exclude effects of S226 phosphorylation on GLUT1
catalytic activity. Overall, our results support a model in which phosphorylation of the
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glucose transporter by PKC increases glucose transport at least in part through an increased
localization of the phosphorylated transporter to the plasma membrane.

While mutations of the motif surrounding S226 clearly impair its phosphorylation, the
mutations may have additional effects on the transporter. For example, the R223 residue
participates in hydrogen bond interactions that stabilize the transporter’s inward open
configuration (Deng et al., 2014), so mutations at this site might also alter the intrinsic
properties of the transporter. Functional studies of specific mutations in Xenopus oocytes
have revealed defects in the kinetic properties of the R223P mutant (Suls et al., 2009) (i.e. a
decreased Vnax) but not the R223Q mutant (Arsov et al., 2012). Our assays did not reveal
significant basal impairments in 2-DG uptake by any of the GLUT1 mutants, including
R223P. Regardless of the effects of these mutations on basal glucose transport, these
mutations do have clear defects in phosphorylation and TPA-induced glucose transport,
which may contribute to the functional defects seen in a subset of G1D patients.

Patients with S226 motif mutations develop symptoms despite the presence of one normal
allele of SLC2AL, suggesting that such mutations may exert dominant negative effects. This
clinical observation is consistent with the decreased response of cells expressing S226 motif
mutants to TPA, despite the presence of endogenous GLUT1. Because the ketogenic diet,
the most common treatment for G1D, is an imperfect treatment (Klepper and Leiendecker,
2013), additional treatment options would greatly benefit G1D patients. Whether vascular
endothelial cells, blood-brain barrier cells, or other GLUT1-expressing tissues are to blame
for the symptoms of G1D is currently unclear. Studies on the localization and function of
pGLUT1 S226 in normal and G1D affected tissues will likely yield insights into the
physiological regulation of GLUT1, which may in turn provide targetable pathways in the
disease.

The upregulation of GLUT1 activity appears to be an important feature of many cancers.
While many cancers increase glucose uptake through the increased expression of GLUT1
(YYamamoto et al., 1990; Younes et al., 1996), how signaling pathways regulate transporter
activity and localization in these cancers is poorly understood. The loss-of-function
mutations found in PKC in many cancers could affect GLUT1 S226 phosphorylation and
membrane localization (Antal et al., 2015). Therefore, the analysis of GLUT1 transporter
phosphorylation and localization in primary tissues in situ should yield insight into the
regulation of the glucose transporters in health and disease.

Experimental Procedures

Cloning, Reagents, Cell Lines, and Antibodies

Details on cloning, reagents, cell lines, and antibodies are included in the supplemental
information.

In vitro kinase assays

Assays were performed as described previously (Vergarajauregui et al., 2008). Briefly, GST
proteins were incubated with recombinant human active PKC BI, PKC  (Life Technologies;
P2291, P2273), PKC 6 (R&D systems; 4585-KS), PKC vy (Sigma; P9542), or HelLa cell
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extracts and [y-32P]JATP. Samples were stained with Coomassie Blue, dried, and subjected
to autoradiography. For full-length GLUT1, lysates of serum-starved Rat2 HA-GLUT1 were
immunoprecipitated with a—HA conjugated sepharose (CST, C29F4), eluted, and incubated
with PKC. Reactions were stopped by the addition of sample buffer, and GLUT1 and
pGLUT1 were detected by Western blot. Reactions were pretreated with 5uM G6-6983 for
30 min if indicated.

Mass Spectrometry

HA-tagged proteins were immunoprecipitated from TPA treated Rat2 HA-GLUT1 or vector
lysates. After washing, the sample was eluted with sample buffer for Coomassie Blue
staining and Western Blotting (after dilution). The GLUT1 protein region was excised from
a Coomassie stained gel and submitted for analysis by the UTSW Proteomics Core. The
sample was trypsin digested; processed on a Q-Exactive mass spectrometry platform, using
a short reverse-phase LC-MS/MS method; and analyzed using CPFP.

Determination of GLUT1 Phosphorylation Stoichiometry

Stoichiometry of pGLUT1 S226 was estimated as described previously (Miinea and
Lienhard, 2003). Briefly, phosphorylated GLUT1 was immunoprecipitated from Rat2
GLUT1 lysates with pGLUT1 S226 (ThermoScientific). Serial dilutions of input and IP
samples were analyzed by Western Blot for total GLUT1 antibody and pGLUT1 S226
(ThermoPierce). The ONE-HOUR Western Detection System (GenScript, L00241)
prevented heavy chain interference. ImageJ was used to quantitate the band intensity and
linear regression was used to calculate the relative IP efficiencies. The absolute IP efficiency
using the pGLUT1 S226 antibody was ~0.24% (=47%/200) for total GLUT1 and ~0.34%
(=67%/200) for phosphorylated GLUT1 due to the stringent IP conditions. The ratio of the
total GLUT1 to pGLUTL IP efficiency approximates the percentage of pGLUT1 S226.

Immunofluorescence and immunohistochemistry

For immunofluorescence, cells were plated on chamber slides (Lab-Tek), fixed in 4%
paraformaldehyde, and permeabilized in 0.5% NP-40. Cells were stained with goat anti-
GLUT1 (1:200; Santa Cruz) or anti-pGLUT1 S226 (1:200; Thermo) and secondary Alexa
Fluor 488 or 546. Images were captured and figures prepared using identical acquisition and
intensity settings (Edelstein et al., 2010). For immunohistochemistry, flash frozen lymphatic
malformation tissue was fixed in acetone. The primary antibody was added [pGLUT1
(Thermo, 1:400) or GLUT1 (Labvision, 1:200)] followed by secondary antibody detection
with MACH2 Universal HRP (Biocare Medical), visualization with DAB (Dako), and
counterstaining with hematoxylin.

3H-2-deoxyglucose (2-DG) transport assay

Cells were seeded in triplicate on 12-well plates (150-200,000 cells/well) for 18-24 hr,
washed twice with PBS, and incubated in serum-free DMEM with 0.1% BSA for 2 hr. For
dose response experiments, cells were treated with varying concentrations of TPA in KRH +
1mM pyruvate (KRHP) for 30 min. For time course experiments, cells were first
preincubated in KRHP for 30 min prior to treatment with 250nM TPA for the indicated time
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points. For serum refeeding experiments, cells were treated with 10% FBS for 20 min and
washed twice with PBS. After treatment, uptake was initiated by adding 1uCi 3H 2-DG and
0.1mM unlabeled 2-DG in KRHP to each well for 5 min. Control experiments showed that
2-DG uptake was linear during the 5 min time both with and without TPA (Fig. S3H).
Transport was terminated by the rapid removal of uptake medium and washing with cold
PBS with 25mM glucose. Cells were lysed with 0.5ml 0.5M NaOH, neutralized with 0.5ml
0.5M HCI, and quantitated by liquid scintillation counting. Protein concentrations were
determined by BCA assay. Data were analyzed using GraphPad Prism.

Xenopus Assays

GLUT1 WT and S226A constructs were subcloned into a Xenopus expression vector, and
their mRNA were synthesized in vitro. Oocytes (Ecocyte) were injected with 50ng of cRNA
(1ug/ul) or water and incubated in ND96 medium for 72 hrs. [3H]3-O-methylglucose (3-
OMG) transport assays were performed as previously described with some modifications
(Arsov et al., 2012; Weber et al., 2008). Oocytes were treated with 500nM TPA or DMSO
for 20 min and uptake was initiated by adding 1.5uCi of [3H]3-OMG (Perkin Elmer) and
unlabeled 3-OMG (1 to 50mM). Transport proceeded for 4 min and was stopped by washing
with ice-cold PBS with 0.2mM phloretin. Control experiments confirmed that 3-OMG
uptake was linear during the 4 min incubation period (Fig. S3I). Oocytes were lysed in 1%
SDS, and radioactivity was measured by liquid scintillation counting. Uptake was calculated
by subtracting uptake by water-injected oocytes, which were assayed in parallel. Total
membrane extracts were prepared from 10 injected oocytes and analyzed by Western
blotting. For immunofluorescence, injected oocytes were fixed in 4% paraformaldehyde,
permeabilized in methanol, sectioned, and stained as described above.

Determination of cell surface GLUT1

Biotinylation of Rat2 Cells was performed as described previously (Cura and Carruthers,
2010). Briefly, Rat2 cells were serum starved and treated with TPA for 30 min with pre-
treatment by a PKC inhibitor if indicated. Cell surface proteins were labeled with EZ-Link
Biotin (Thermo) in PBS for 30 min on ice followed by quenching. Supernatants containing
the biotin labeled proteins (input) were immunoprecipitated with streptavidin beads
(Thermo). The beads were washed and eluted with sample buffer. Na*/K*-ATPase was used
as a membrane protein loading control. Band densities were quantified using Image Studio
Lite (Licor).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
GLUT1 is phosphorylated in vivo and in vitro. A) The central cytoplasmic loop of GLUT1

(Loop 6) is phosphorylated by PKCB1 and PKCS in vitro. B) Sequence of vertebrate
homologs of GLUT1 show conservation of several residues surrounding S226 when
compared to optimal PKC consensus phosphorylation motifs. Colors (blue, basic; purple,
serine; green, hydrophobic) highlight conserved residues. C) HelLa cell extract
phosphorylates GST-GLUT1-Loop6 but this phosphorylation can be efficiently inhibited by
a PKC inhibitor (G6-6983). D) HA-GLUT1 purified from TPA-treated Rat2 fibroblasts were
trypsin digested and analyzed by Q-exactive mass spectrometry. Labeled N-terminal (red)
and C-terminal (blue) peaks unambiguously confirm phosphorylation of S226. Many
peptides show neutral loss of phosphoric acid (-97.98/z), which is also consistent with
phosphorylation at S226. E) PKCpB1 phosphorylates full length HA-GLUT1 in vitro but not
in the presence of G-6983. Asterisk indicates a non-specific band. F) Phosphorylation of
WT GLUTL1 is induced by TPA and inhibited by PKC inhibitors, R6-31-8220 and G6-6983.
The pGLUT1 S226 blot was stripped and reprobed for Actin. See also Figure S1, S2, and
Table S1.
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Figure 2.
GLUT1 S226A is impaired in its response to TPA. A) WT, but not S226A, GLUT1 is

specifically phosphorylated on S226 after treatment with TPA in Rat2 cells. pGLUT1 S226
blot was stripped and reprobed for Actin. B) Rat2 fibroblasts expressing WT, but not
S226A, GLUTL increase 2DG uptake within 30 minutes of treatment by TPA. Data fit
against a three parameter dose response curve. (n=6 independent experiments, each
performed in triplicate, error bars = SD). C) Western blot from membranes of 10 oocytes
injected with the indicated in vitro transcribed mRNA or water (2 days) followed by
treatment with TPA (20 min) demonstrates that the WT GLUT1 is phosphorylated after TPA
treatment. D) Immunoflourescent images from oocytes injected with the indicated mRNA
(bottom) followed by staining with the indicated antibody (top) with or without TPA
treatment demonstrate comparable expression and trafficking of WT and 226A transporter to
the cell membrane. Phosphorylated GLUT1 is only detected after TPA treatment of WT
GLUT1. Bar = 100um. Arrow indicates membrane staining. E) TPA treatment markedly
increases 3-OMG uptake by WT but not 226A mutant transporters (n=10, error bars = SEM)
in oocytes. F) Biotin pulldown of surface proteins demonstrates that endogenous GLUT1
increases its membrane (normalized against Na+/K+ ATPase) abundance after treatment
with TPA in Rat2 cells; this is blocked by pre-treatment with a PKC inhibitor. HSP90 blot
demonstrates the decrease in cytoplasmic protein concentration after biotin pulldown for
membrane proteins. G) Quantitation of biotin pulldown experiments demonstrates
significant increase in membrane GLUT1 induced by TPA (n=4, error bars = SEM). t-test,
*p<0.05, **p<0.01, ***p<0.001. See also Figure S3.
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Figure 3.
Phosphorylation and localization of GLUT1 in primary endothelial cells. A) Endogenouse

GLUT1 in human aortic endothelial cells (HAEC) is phosphorylated on S226 in response to
TPA; the phosphorylation is blocked by a PKC inhibitor. B) HAEC increases 2DG uptake
within 30 minutes of treatment by TPA. This increase is blocked by pretreatment with
G06-6983 (n=3, error bars = SD). C) Human umbilical vein endothelial cells (HUVEC)
stained with DAPI (blue), total GLUT1 (green), and pGLUT1 S226 (red). Membrane
staining of total GLUT1 (middle column) is apparent after TPA stimulation (bottom row).
pGLUT1 (left column) shows a striking increase after TPA treatment with clear localization
to cell membranes after TPA treatment. Arrows highlight regions of GLUT1 and pGLUT1
colocalization at membrane ruffles. Bar=25um D) Total GLUT1 and pGLUT1 S226 staining
in consecutive frozen sections from a patient biopsy sample (lymphatic malformation)
showing partial overlap of GLUT1 and pGLUT1 staining. Both antibodies stain the
perineurium as demonstrated by the rim of staining around the large peripheral nerve. E)
HUVECs phosphorylate endogenous GLUTL1 in response to GLUTL in response to VEGF
(100ng/ml) in a time dependent manner. F) Quantitation of pGLUT1 normalized to GAPDH
showed significant differences in phosphorylation of GLUTL in response to VEGF (n=5,
error bars = SEM; ANOVA, p=0.004; Tukey’s, p<0.05). G) VEGF rapidly increase 2-DG
uptake in response to VEGF (100ng/ml). This increase inhibited by pretreatment with
pretreatment with G6-6983 (n=3, error bars = SEM, t-test). See also Figure S4.
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Figure 4.
G1D mutations inhibit S226 phosphorylation and response to TPA. A) Sequence alignment

of patient derived G1D mutations that highlight the loss of conserved residues of the optimal
PKC consensus motifs. B) Patient derived G1D mutations surrounding the S226 motif
decrease the ability of PKCB1 to phosphorylate GST-GLUT1-Loop6 in vitro.
Autoradiogram and Coommassie are representative of =3 independent experiments. C)
Compared to WT GLUT1, K256E is stably expressed and shows comparable levels of
phosphorylation after treatment with TPA. D) WT, R223P, R223Q, R223W, and 227insPPV
are stably expressed in Rat2 fibroblasts. E) No significant difference between basal 2-DG
uptake by WT compared to 226A, 223P, 223Q, 223W, 223Q, 227inPPV, or 256E mutant
transporters (n=3, error bars = SEM; Dunnett’s). F) 2-DG uptake by R223P, R223Q,
R223W, and 227insPPV are impaired in their response to TPA [(n=3, except K256E, n=2)].
G) Maximal TPA-induced increases in glucose uptake are impaired in naturally-occurring,
pathogenic mutations surrounding S226.
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