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Abstract

Nutrient transporters are critical gate-keepers of extracellular metabolite entry into the cell. As integral

membrane proteins, most transporters are N-glycosylated, and the N-glycans are remodeled in the

Golgi apparatus. The Golgi branching enzymes N-acetylglucosaminyltransferases I, II, IV, V and avian

VI (encoded byMgat1, Mgat2, Mgat4a/b/cMgat5 andMgat6), each catalyze the addition ofN-acetylglu-

cosamine (GlcNAc) inN-glycans. Here, we askedwhetherN-glycan branching promotes nutrient trans-

port and metabolism in immortal human HeLa carcinoma and non-malignant HEK293 embryonic

kidney cells. Mgat6 is absent in mammals, but ectopic expression can be expected to add an additional

β1,4-linked branch to N-glycans, and may provide evidence for functional redundancy of the N-glycan

branches. Tetracycline (tet)-induced overexpression of Mgat1, Mgat5 and Mgat6 resulted in increased

enzyme activity and increasedN-glycan branching concordant with the known specificities of these en-

zymes. Tet-induced Mgat1, Mgat5 and Mgat6 combined with stimulation of hexosamine biosynthesis

pathway (HBP) toUDP-GlcNAc, increased cellularmetabolite levels, lactate andoxidativemetabolism in

an additive manner. We then tested the hypothesis that N-glycan branching alone might promote

nutrient uptake when glucose (Glc) and glutamine are limiting. In low glutamine and Glc medium,

tet-induced Mgat5 alone increased amino acids uptake, intracellular levels of glycolytic and TCA inter-

mediates, as well as HEK293 cell growth. More specifically, tet-induced Mgat5 and HBP elevated

the import rate of glutamine, although transport of other metabolites may be regulated in parallel.

Our results suggest that N-glycan branching cooperates with HBP to regulate metabolite import in a

cell autonomous manner, and can enhance cell growth in low-nutrient environments.
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Introduction

The medial Golgi N-acetylglucosaminyltransferases I, II, IV and V
(Mgat1, Mgat2, Mgat4a/b/c and Mgat5) form a linear pathway that
initiates the N-acetylglucosamine (GlcNAc) branches on newly
synthesized glycoproteins (Figure 1A) (Schachter 1986). In the trans-
Golgi enzymes, the branches are extended with galactose, fucose and
sialic acid to generate sequences recognized by galectins, C-type lectins
and siglecs. The N-glycan branching pathway is required for tumor
progression, and molecular mechanisms have emerged that intersect
with basic metabolism (Lau et al. 2007; Shirato et al. 2011). Tumor
growth rates are reduced in Mgat5−/− mice with a polyomavirus mid-
dle T transgene or in Pten heterozygous mice (Granovsky et al. 2000;
Cheung and Dennis 2007;). Suppression of branching by either
Mgat1 shRNA (Beheshti-Zavareh et al. 2012) or overexpression of
N-acetylglucosaminyltransferase III (Yoshimura et al. 1995; Song
et al. 2010) also inhibit tumor progression in mice. Furthermore,
overexpression of Mgat5 in epithelial cells promotes transformation
(Demetriou et al. 1995), and in human mammary and colon cancer,
increased Mgat5-branchedN-glycans are associated with disease pro-
gression (Fernandes et al. 1991; Seelentag et al. 1998).

We have shown that galectins bind branched N-glycans and cross-
link glycoprotein to form a highly dynamic lattice that slows loss of
membrane glycoproteins to endocytosis (Lau and Dennis 2008). In
Mgat5−/− tumor cells, the retention of surface receptors is reduced
along with sensitivity to cytokines (EGF, PDGF, INS and TGF-β).
The mutant phenotype could be rescued by (i) Mgat5 re-expression,
(ii) inhibition of constitutive endocytosis or (iii) increased
uridine-diphosphate-N-acetylglucosamine (UDP-GlcNAc), the com-
mon nucleotide-sugar donor for the Mgat enzymes (Partridge et al.
2004; Lau et al. 2007). In the absence ofMgat5, compensating amounts
of N-acetyllactosamine branches are produced by Mgat1, Mgat2 and
Mgat4 when cells are supplemented with GlcNAc to increase
UDP-GlcNAc (Lau et al. 2007). This suggests redundancy of the
branches and cooperative action ofN-glycans in support of growth fac-
tor receptors and other glycoproteins at the cell surface (Dennis and
Brewer 2013). Interestingly, the chicken (Gallus gallus) GnT-VI
(Mgat6) enzyme catalyzes the GlcNAcβ1,4 linkage to GlcNAcβ1,6Ma-
nα1,6Manβ in the trimannosyl core ofN-glycans (Figure 1A). Mgat6 is
expressedwidely in birds (Watanabe et al. 2006), with homologs in frog
(Xenopus laevis), duck billed platypus (Ornithorhynchus anatinus) and
a few species of fish. The Mgat6 sequence is unrelated to Mgat4a/b/c.
Mgat6 gene and activity are absent in mammals, suggesting the gene
was selectively retained in certain species. If N-glycan branching is in-
deed cooperative and regulates metabolism, we predict that ectopic ex-
pression of Mgat6 in mammalian cells may reveal evidence for both.

Growth factor receptors activate Akt, Ras and mTor/S6K signal-
ing, which leads to increased glucose (Glc) and amino acid transporter
activity (Frauwirth et al. 2002; Wise et al. 2008; Yun et al. 2009;
Wellen et al. 2010).Many of the∼600mammalian solute transporters
have extracellular domains with sites of N-glycosylation, and like re-
ceptor kinases, may be regulated by N-glycan branching. Glc trans-
porters (Gluts) are dependent on N-glycan branching for surface
residency of Glut2 in β-cells (Ohtsubo et al. 2005), Glut1 in tumor
cells (Kitagawa et al. 1995) and insulin- or HBP-stimulated increases
in surface Glut4 (Lau et al. 2007; Haga et al. 2011). The GlcNAc
β1,4-branching enzyme GnT-IVa (Mgat4a) is selectively expressed in
insulin-producing β cells of the pancreas, andMgat4a−/−mice develop
type 2 diabetes (Ohtsubo et al. 2005; Takamatsu et al. 2010). The
branchedN-glycans on Glut2 bind galectin-9 which promotes surface
residency of Glut2, and transport of Glc.

N-Glycan branching depends on de novo synthesis of UDP-
GlcNAc by the hexosamine biosynthesis pathway (HBP) and/or
salvage of GlcNAc. Moreover, growth factor signaling increases
UDP-GlcNAc levels, and shRNA inhibition of glutamine:fructose-6P
aminotransferase in the de novo HBP-reduced Ras-driven tumor
growth (Ying et al. 2012). Ras/Mapk and PI3K signaling also stimu-
lates Mgat5 gene expression (Dennis et al. 1989; Kang et al. 1996;
Buckhaults et al. 1997), as well as Mgat4 in human carcinomas
(Takamatsu et al. 1999; D’Arrigo et al. 2005). The affinity of
Mgat1, Mgat2, Mgat4a/b/c andMgat5 enzymes for UDP-GlcNAc de-
creases ∼400-fold moving from Mgat1 to Mgat5. As such, Mgat1
functions near saturation and Mgat5 well below its Km value for
UDP-GlcNAc (i.e., ∼10 mM) (Sasai et al. 2002; Lau et al. 2007).
The action of Mgat1 is required to generate substrates for further re-
modeling by α-Mannosidase II, Mgat 2, Mgat4 and Mgat5. Glutam-
ine (Gln) supplied to cells above typically used cell culture levels
(>4 mM) increases UDP-GlcNAc levels, similar to GlcNAc supple-
mentation in normal culture conditions, while Glc below physiological
concentration (<5 mM) reduced UDP-GlcNAc levels (Abdel Rahman
et al. 2013). Thus both Glc and Gln flux through HBP regulate
UDP-GlcNAc levels, but at the low and high end of their concentration
ranges, respectively. These studies offer the intriguing possibility that
cellular regulation of N-glycan branching on solute transporters and
receptors has evolved as a mechanism of adaptation to changing nu-
trient and environmental cues.

Mgat5-deficient mice are hypoglycemic, hyposensitive to glucagon
(Johswich et al. 2014) and resistant to weight-gain on a high-fat diet,
although their food intake is equivalent to wild-type littermates
(Cheung et al. 2007). This suggests thatN-glycan branching may pro-
mote a “thrifty phenotype”, that is, efficiency in uptake and/or utiliza-
tion of nutrients (Cheung et al. 2007). As an experimental model, we
generated HeLa tumor cells and HEK293 immortalized cells with in-
ducible transgenes for Mgat1, Mgat5 or Mgat6 overexpression. Here,
we have characterized the effects of short-term (24 h) transgene over-
expression on nutrient levels and central metabolism in cells. We re-
port that Mgat1, Mgat5 and Mgat6 overexpression alone, and with
HBP stimulation to UDP-GlcNAc, increases metabolite levels, suggest-
ing cooperative action of the N-glycan-branching enzymes. Mgat5
transgene overexpression alone restored metabolite levels and
HEK293 cell growth to normal in low Gln and Glc culture conditions.
The uptake rate of Gln and the intracellular levels of other amino acids
were enhanced by Mgat5 overexpression. This is the first evidence of
cell autonomous regulation of nutrient uptake and metabolism by
N-glycan branching.

Experimental procedures

Materials

Antibodies to FLAG-M2 and tubulin were purchased from
Sigma-Aldrich. Alexa Fluor-488 conjugated lectins Concanavalin A
(ConA) and leucoagglutinin (L-PHA) were purchased from (Invitro-
gen). Metabolite standards and reagents were obtained from Sigma
Chemicals (St. Louis, MO) with minimal purity of 98%. Stable-
isotope 15N15N-L-Gln was purchased from Cambridge Isotope La-
boratories, Inc. (Andover, MA). All organic solvents and water used
in sample and LC–MS mobile phase preparation were HPLC grade
and obtained from Fisher Scientific (Fair Lawn, NJ). N-Glycosidase
F (PNGase F, EC 3.5.1.52, recombinant cloned from Flavobacterium
meningosepticum and expressed in Escherichia coli) was purchased
from Roche Diagnostics (Mannheim, Germany). PVDF membrane
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(Immuno-Blot, 0.2 μm, 7.0 × 8.5 cm) was purchased from Bio-Rad
(Hercules, CA). Cation-exchange columns were made of (30 mg)
Dowex 50W-X8 200-400 mesh resins (Wako Chemical, Osaka,
Japan) packed on top of a 10 μL ZipTip u-C18 (Millipore, Billerica,
MA). The resins were protonated with 1 M HCl (50 μL, 3 times),
were rinsed with methanol (50 μL, 3 times), and then equilibrated
with water (50 μL, 3 times) before use. Microtiter plates (96-well
flat bottom, MaxiSorp) were purchased from Nunc (Roskilde,

Denmark). All other chemicals were purchased from Sigma-Aldrich,
Nacalai Tesque (Kyoto, Japan) or Wako Chemical. Other reagents
and solvents were of HPLC or LC–MS grade.

Cell lines

HeLa Flp-In-TREx cells were a kind gift fromDr Stephen Taylor (Uni-
versity of Manchester), while HEK293 Flp-In-TREx cells (Ward et al.

Fig. 1. Branching pathway and inducible expression of branching enzymes. (A) N-Glycan-branching pathway modified from Varki et al. (2009). GlcNAcT-I (Mgat1),

GlcNAcT-V (Mgat5) and avian GlcNAcT-VI (Mgat6) are circled. (B–D) Expression of transgene proteins detected by western blots probed with antibodies to Flag and

tubulin. Flag-tagged GlcNAcT-I, GlcNAcT-V (upper band) and GlcNAcT-VI have expected molecular weights of 53, 86 and 54 kDa, respectively. Flp-In-TREx HeLa

clones were cultured in DMEM with 25 mM Glc, 4 mM Gln, 10% FBS (normal culture conditions), with or without 1 μg/mL of tet for 24 h. (E) Tet dose–response in

clone 8 Mgat5 Flp-In-TREx HeLa cells. (F–H) N-Acetylglucosaminyltransferases activities measured in cell lysates from tet-inducible expression of Flag-tagged

Mgat1, Mgat5 and Mgat6 in different Flp-In-TREx HeLa cell clones.
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2011) were purchased from Invitrogen. Both adherent cell lines were
grown in an incubator at 37°C and 5% CO2 in a humidified atmos-
phere. They were maintained in high-Glc DMEM (Sigma) supplemen-
ted with 10% fetal bovine serum (FBS), 2 mM Gln, penicillin/
streptomycin, and 3 μg/mL Blastocidin and 100 ug/mL Zeocin, unless
indicated otherwise. HumanMgat1 cDNA, humanMgat5 cDNA and
chicken Mgat6 cDNAwere FLAG tagged at the N terminus, and each
construct was cloned individually into the pcDNA5/FRT/TO expres-
sion vector. Each plasmid was integrated into the genome of the HeLa
or HEK293 Flp-In-TREx cells, at a pre-integrated FRT recombination
site, by co-transfection with Flp recombinase encoding POG44 plas-
mid using Lipofectamine (Invitrogen) and OptiMEM media lacking
FBS or antibiotics. Following selection in 200 μg/mL of hygromycin,
resistant clones were individually picked, expanded and treated with
1 μg/mL tetracycline (tet) for 24 h. To verify gene expression, cell ly-
sates were analyzed by western blotting using monoclonal Anti-FLAG
M2 antibody (Sigma).

Western blotting

Cells were rinsed with ice-cold phosphate-buffered saline (PBS) and
lysed in ice-cold lysis buffer (50 mM HEPES, 120 mM NaCl, 2 mM
EDTA, 1.0% NP-40, one tablet of phosphatase inhibitor cocktail
per 10 mL and one tablet of EDTA-free protease inhibitors per
10 mL). The soluble fractions of cell lysates were isolated by centrifu-
gation at 14,000 rpm for 10 min by centrifugation in a microfuge at
4°C. Proteins were denatured by addition of 5× sample buffer, boiled
for 5 min, resolved by 8 or 10% SDS–PAGE and analyzed by im-
munoblotting for the FLAG-tagged proteins.

Enzyme assays

Enzyme sources were cell lysates obtained from large plates of
tet-induced and not induced cells lysed on ice in 0.9% NaCl, 1%
Triton X-100, and including protease inhibitors (Korczak et al.
2000; Beheshti Zavareh et al. 2012). Mgat1 enzyme activity was mea-
sured using synthetic acceptors. The assays contained 10 μL of cell lys-
ate, 2 mM Man(1,3) Man(1,6) Glc-O(CH2)7CH3 acceptor (Toronto
Research Chemicals), 0.5 μCi [6-3H]-UDP-GlcNAc (44,400 dpm/
nmol) in 50 mM MES, pH 6.5, 2 mM Mn2Cl2, 5 mM AMP in total
volume of ∼20 μL. After 1.5 h of incubation at 37°C, 1 mL of ice-cold
water was added to stop further reaction and assays were either frozen
or processed immediately. Mgat5 enzyme activity was determined as
transfer of UDP-[6-3H] GlcNAc to the synthetic acceptors. The reac-
tion contained 10 μL of cell lysate, 1 μCi of [6-3H]-UDP-GlcNAc
(44,000 dpm/nmol), 50 mM MES, pH 6.5, 0.5 M GlcNAc, 1 mM
UDP-GlcNAc, 1 μCi of 3H-UDP-GlcNAc, 25 mMAMP, in a final vol-
ume of 20 μL, with synthetic acceptors 1 mM βGlcNAc(1,2)αMan
(1,6)βGlc-O(CH2)7CH3 for Mgat5. Reactions were incubated at
37°C for 180 min for the Mgat5 assay. Endogenous activity for the
enzymes was measured in the absence of acceptor, and subtracted
from values determined in the presence of added acceptor. Reactions
were stopped with 1 mL of H2O, and enzyme products were separated
from radioactive substrates by binding them to 50 mg C18 cartridges
(Alltech), preconditioned with methanol rinsing and water washes.
Reactions were loaded and the columns washed three times with
water. Radio-labeled products were eluted with methanol directly
into scintillation vials with two separately applied 250 μL aliquots
of methanol, and the radioactivity determined by liquid scintillation
counting.

Mgat6 enzyme activity was assayed according to the method of
Taguchi et al. (2000) using as acceptor substrate, PA-agalacto [(2,6),
(2,4)] tetra-antennary and 100 mM UDP-GlcNAc in buffer 150 mM
HEPES-NaOH, 60 mM MnCl2, 200 mM GlcNAc, 0.5% Triton
X-100 and 2 mg/mL BSA for 4 h at 37°C. The product was separated
by HPLC on TSKgel ODS-80TM (0.46 × 15 cm, Tosoh, Tokyo,
Japan), eluted with 20 mM ammonium acetate (pH 4.0)/0.02%
1-butanol at flow rate of 1 mL/min, column temp at 55°C and detec-
tion by fluorescence (excitation/emission = 320/400 nm)

Quantitative lectin fluorescence imaging

Cells were plated in a 96-well plate at 2000 cells/well in high-Glc
DMEM supplemented with 10% FBS, 2 mM Gln and incubated at
37°C and 5% CO2 with and without tet for 24 h to induce gene ex-
pression. Cells were then fixed for 15 minwith 4% paraformaldehyde,
washed with PBS and incubated for 1 h at room temperature in 50 μL
PBS, 1/5000 of Hoechst 33342, and either 1/1000 of 2 mg/mL Alexa
Fluor-488 conjugated lectin ConA or L-PHA (Invitrogen, Carlsbad,
CA). After washing with PBS, cells were imaged and staining per cell
quantified using IN Cell Analyzer 1000 automated fluorescence im-
aging system.

Cell viability assay

Following plating in a 96-well cell culture plate, and treatment with
various concentrations of Glc, Gln and FBS in DMEM for at least
24 h, AlamarBlue cell viability reagent (Invitrogen) was added at one-
tenth of the volume directly to cells in cell culture media. The plate was
then returned to the incubator at 37°C and 5% CO2 in a humidified
atmosphere for an additional incubation of 6 h. Cell viability was
measured fluorometrically, as relative fluorescence units, in a micro-
plate reader (Gemini Fluorescence fromMolecular Devices) following
the reduction of the non-fluorescent oxidized dye AlamarBlue by vi-
able and metabolically active cells to its fluorescent product, using
fluorescent excitation and emission wavelengths of 570 and 585 nm,
respectively. The number of metabolically active, proliferating, viable
cells correlates with the magnitude of dye reduction and fluorescence
emission intensity from each well.

Cell membrane preparation for N-glycan profiling

For N-glycan analysis by LC–MS, HeLa and HEK293 Flp-In-TREx
cells were cultured in standard culture medium, DMEM plus 10%
FBS at 37°C and 5% CO2 in a humidified atmosphere for 24 h,
with and without 1 μg/mL tet to induce gene expression. Approxi-
mately 2 × 107 cells per treatment were rinsed with PBS, trypsinized,
collected in pellets, frozen on dry ice and stored at −80°C. The frozen
pellets were suspended in 2 mL of lysis buffer containing 50 mMTris–
HCl (pH 7.4), 0.1 MNaCl, 1 mMEDTA and protease inhibitor cock-
tail (Roche Diagnostics, Mannheim, Germany) and kept on ice for
20 min and then homogenized using a polytron homogenizer (Omni
TH tissue homogenizer, Omni International, Inc., VA; 15 s, 7 times
on ice bath). We performed the following preparation according to
the procedure reported by Nakano et al. (2011) with some modifica-
tions. The homogenized cells were centrifuged at 2000 × g for 20 min
at 4°C to precipitate nuclei and unlyzed cells. The supernatant was di-
luted with 2 mL of Tris-buffer (50 mM Tris–HCl, pH 7.4, 0.1 M
NaCl) and then were sedimented by ultracentrifugation at
120,000 × g for 80 min at 4°C (swing rotors, Himac, Hitachi Koki).
The supernatant was discarded, and the membrane pellet was
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suspended in 100 μLTris-buffer. After adding 400 μLTris-buffer con-
taining 1% (v/v) Triton X-114, the suspended mixture was homoge-
nized by pipetting strongly. The homogenate was chilled on ice for
10 min and incubated at 37°C for 20 min and then phase partitioned
by centrifugation at 1940 × g for 2 min. The upper aqueous phase was
removed. The lower detergent phase was further mixed with 1 mL of
ice-cold acetone and kept at −25°C overnight to precipitate proteins
and remove any detergent. After centrifugation at 1940 × g for
2 min, the precipitated cell membrane proteins were stored at −25°C
if not used immediately.

Enzymatic release and purification of N-glycans

The precipitated membrane proteins were dissolved with 10 μL 8 M
urea. The solubilized proteins were dotted (2.5 μL × 4 times) onto
PVDF membrane prewetted with ethanol. After drying the PVDF
membrane with cold blast of a dryer for 10 min, the PVDF membrane
was rinsedwith ethanol for 1 min and then rinsed three times for 1 min
with water. The protein on the membrane was stained for 5 min with
(800 μL solution A: 0.1% (w/v) Direct Blue 71 (Sigma-Aldrich) in
10 mL solution B : acetic acid : ethanol : water = 1 : 4 : 5). After de-
staining with solution B for 1 min, the PVDF membrane was dried
with cold blast of a dryer for 10 min. Protein stained blue was cut
from the PVDF membrane and placed in separate wells of a 96-well
microtiter plate. The spots were then covered with 100 μL of 1%
(w/v) polyvinylpyrrolidone 40,000 in 50% (v/v) methanol, agitated
for 20 min and rinsed with water (100 μL × 5 times). PNGase F (3 U
in 10 μL of 30 mM phosphate buffer, pH 7.3) was added to each well
and incubated at 37°C for 15 min. An additional 10 μL of water was
added to each well and incubated at 37°C overnight to release
N-glycans. During the incubation, the sample wells were sealed with
amplification tape to prevent evaporation. To collect the released
N-glycans, the samples were sonicated (in the 96-well plate) for
10 min, and the released N-glycans (20 μL) were transferred to
1.5 mL polypropylene tubes. The sample well was rinsed with
water (50 μL twice), and the washings combined. To completely gen-
erate the reducing terminus, ammonium acetate buffer (100 mM, pH
5.0, 20 μL) was added to the releasedN-glycans for 1 h at room tem-
perature. After evaporating to dryness, the glycans were resolved
with 10 μL of 50 mM KOH and then reduced by adding 10 μL of
2 MNaBH4 in 50 mM KOH at 50°C for 3 h. one microliter of acetic
acid was added to stop the reaction, and the N-glycan alditols were
desalted using a cation-exchange column. The glycan alditols were
eluted with water (50 μL twice), dried, and the remaining borate
was removed by the addition of (100 μL × 3) methanol and drying
under vacuum. To remove sialic acids from the glycans, 100 μL of
2 M acetic acid was added to the dried glycan samples and the
samples were incubated at 80°C for 2 h and then were evaporated
to dryness. The desialylated N-glycan alditols were re-suspended in
10 mM NH4HCO3 (20 μL) immediately before glycan analysis by
liquid chromatography–electrospray ionization mass spectrometry
(LC–ESI-MS).

LC–ESI-MS for analysis of N-glycan alditols

N-Glycan alditols were separated using a HyperCarb porous graphi-
tized carbon column (5 μmHyperCarb, 0.32 mm ID × 100 mm, Ther-
mo Scientific) under the following gradient conditions. The separation
was performed using a sequence of isocratic and two segmented linear
gradients: 0–8 min, 10 mM NH4HCO3; 8–53 min, 6.75–15.75%
(v/v) CH3CN in 10 mM NH4HCO3; 53–73 min, 15.75–40.5% (v/v)

CH3CN in 10 mM NH4HCO3; and increasing to 81% (v/v) CH3CN
in 10 mM NH4HCO3 for 6 min and re-equilibrated with 10 mM
NH4HCO3 for 15 min at a flow rate of 5 μL/min (LC/MSD Trap
XCT Plus Series 1100, Agilent Technologies). The injection volume
of samples was 5 μL. In the MS (Esquire HCT, Bruker Daltonics
GmbsH, Bremen, Germany), the voltage of the capillary outlet was
set at 3.5 kV, and the temperature of the transfer capillary was main-
tained at 300°C. The flow rate of nitrogen gas for drying was 5 L/min.
The MS spectra were obtained in the negative ion mode over the mass
range m/z 150–3000. The scan rates were 8100 a.m.u./s for the MS
mode and the MS/MS mode. Monoisotopic masses were assigned
with possible monosaccharide compositions using the GlycoMod
tool available on the ExPASy server (http://au.expasy.org/tools/
glycomod; mass tolerance for precursor ions is ±0.1 Da), and the pro-
posed oligosaccharide structures were provided at UnicarbKB data-
base (http://unicarbkb.org/), and further verified through annotation
using a fragmentation mass matching approach based on the MS/
MS data. Validation of the technical reproducibility of the analytical
conditions such as retention time and mass number was carried out
using known glycans derived from bovine fetuin before analyzing
any experimental samples. The relative abundance of each glycan
structure on the cell membrane glycoproteins was calculated based
on the peak area of the ion chromatogram of the corresponding glycan
structure extracted using the mass of the [M−2H]2− ion (width
1.0 Da, e.g., 893.3–894.3 for structure (1) in Supplementary data,
Figure S1), after processing of the peaks (smoothing algorithm;
Gauss, smoothing widths; 1 pnts, S/N thresholds; 1, no exclusion
mass, using Bruker Daltonics DataAnalysis software ver. 3.4) (Naka-
no et al. 2011).

Metabolite analysis by LC–MS/MS

To determine the relative levels of metabolites, HeLa and HEK293
Flp-In-TREx cells were cultured in 6-well plates at 37°C and 5%
CO2 in a humidified atmosphere for 24 h in various nutrient condi-
tions as described Abdel Rahman et al. (2013), with and without tet
to induce gene expression.Media was aspirated and cells rinsed on the
plates with warm PBS. The plates were snap frozen in liquid N2 and
moved to −80°C until extraction. The metabolites were rapidly ex-
tracted by addition of 1 mL ice-cold solution of (40% acetonitrile,
40% methanol and 20% water). After quenching, the cells were
scraped and transferred to 1.5 mL tube and shaken for 1 h at 4°C
and 1000 rpm in a Thermomixer (Eppendorf, Germany). The samples
were spun down at 14,000 rpm, for 10 min at 4°C (Eppendorf, Ger-
many), and then the supernatant transferred to fresh tubes to be eva-
porated to dryness in a CentreVap concentrator at 40°C (Labconco,
MO). The dry extract samples were stored at −80°C for LC–MS
analysis. Cell number for each culture condition was determined
for normalization purposes by trypsinization of parallel replicate
wells. The dry metabolite extracts were reconstituted in 200 μL of
water containing internal standards (500 and 300 μg/mL of D7-Glc
and 13C9

15N-Tyrosine, respectively), for the purpose of calibration,
normalization and quantification. The mixture of metabolites was
injected twice through the HPLC (Dionex Corporation, CA) in gradi-
ent reversed phase column Inertsil ODS-3, 4.6 mm internal diameter,
150 mm length and 3-μM particle size for positive and negative mode
analysis. In positive mode analysis, the mobile phase gradient ramps
from 5 to 90% of acetonitrile in 16 min, then after 1 min at 90%,
the composition returns to 5% acetonitrile in 0.1% acetic acid in
2 min. In negative mode, the acetonitrile composition ramped from
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5 to 90% in 10 min, then after 1 min at 90%, the gradient ramped
back to 5% acetonitrile in buffer A (0.1% tributylamine, 0.03% acetic
acid and 10% methanol). The total runtime in both modes was
20 min, the samples were stored at 4°C, and the injection volume
was 10 μL. An automated washing procedure was developed before
and after each sample to avoid any sample carryover.

The eluted metabolites were analyzed at the optimum polarity in
multiple reaction monitoring (MRM)mode on electrospray ionization
(ESI) triple-quadrupole mass spectrometer (ABSciex4000Qtrap, To-
ronto, ON, Canada) (Abdel Rahman et al. 2014). The mass spectro-
metric data acquisition time for each run is 20 min, and the dwell time
for each MRM channel is 10 ms. Common mass spectrometric para-
meters are the same as tuning conditions, except: GS1 and GS2 were
50 psi; curtain gas (CUR) was 20 psi, and CAD was 3 and 7 for posi-
tive and negative modes, respectively, and source temperature (TEM)
was 400°C. Signal was normalized to internal standard and cell num-
ber. The LC–MS/MS system does not resolve hexose, hexosamine and
nucleotide sugar stereoisomers, including Glc/Galactose, GlcNAc/
GalNAc, GlcNAc-6P/GlcNAc-1P and UDP-GlcNAc/UDP-GalNAc.
To monitor trends in metabolic pathways, we referred to these stereo-
isomers in their Glc forms.

Stock solutions were prepared for each metabolite standard at a
concentration of 100 μM in 40/60 methanol/water (v/v), 0.1%
NaOH. A final concentration (10 μM) of each metabolite was
obtained for mass spectrometric tuning. A standard mixture of all
metabolites was prepared at 200, 500 and 3000 nM as a sensitivity
and specificity quality control. Ten additional serially diluted
samples were prepared ranging from 1 nM to 2 μM for linearity
assessments. A mixture of all the standard metabolites was used
daily to check the LC–MS/MS system for optimal ionization polar-
ity, declustering potential, precursor ion (Q1), product ion (Q3) and
collision energy. Ion source potential was 4500 V for positive and
negative modes. Nebulizer gas (GS1) and bath gas (GS2) were
10 psi, CUR was 15 psi, and collision gas (CAD) was 4 psi. Source
temperature (TEM) was set to zero and interface heater was ON.
The mass spectrometer was maintained and calibrated using a
special kit designed by the manufacturer (ABSciex, Toronto, ON,
Canada).

The raw LC–MS/MS data were imported to MultiQuant version
2.0.0 (ABSciex) and the extracted ion chromatogram peaks were in-
tegrated. The result table contains the area, area ratio (area of
analyte/area of internal standard), retention time and concentration,
and is then exported from MultiQuant as text files to MarkerView
version 1.2.11 (ABSciex) for normalization with cell number
and protein content. Cell number normalized data were analyzed
using the MetaboAnalyst online software for metabolomic analysis
(http://www.metaboanalyst.ca/MetaboAnalyst/), and the KEGG
databases (http://www.genome.jp/kegg/pathway.html) (Xia et al.
2012).

LC–MS/MS measurement of 15N15N-Gln uptake

and metabolism

Flp-In-TREx HEK293 Mgat5 cells were treated for ∼24 h with
1 mg/mL of tet, to induce Mgat5 gene expression, in DMEM with
2.5 mM Glc and no Gln plus 10% FBS, with and without 15 mM
GlcNAc. The media was then changed to DMEM with 2.5 mM
Glc and 1 mM 15N15N-Gln without FBS, for 1, 5 and 10 min.
After incubation, cells were collected and metabolites extracted
using the procedure detailed above. The chromatographic peaks
for metabolite interest, and correct transitions for the labeled

form of the metabolite were integrated using MultiQuant (ABSciex)
(Soliman et al. 2014).

Results

Tet-inducible expression of Mgat1, Mgat5 and Mgat6

in human cells

To generate transgenic cell lines, HeLa and HEK293 cell lines with a
single Flp-In-TREx insertion site were transfected with vectors for in-
sertion of tet-inducible FLAG-tagged Mgat1, Mgat5 or Mgat6. The
Flp-In-TREx site is designed for controlled expression from a single
insertion, and indeed, tet-inducible expression of FLAG-tagged
protein was detected in multiple-independent HeLa cell clones
(Figure 1B–E). Independent clones displayed similar levels of
tet-inducible expression, with increases in Mgat1 and Mgat5 enzyme
activity by 4- and 30-fold, respectively, while Mgat6 introduced a
novel activity not present in mammalian cells (Figure 1F–H). Changes
in N-glycan composition at the cell surface were determined by ConA
and L-PHA lectin staining. ConA binds N-glycans with two or fewer
branches, and L-PHA binds Mgat5-modified tri- and tetra-antennary
N-glycans. In HeLa cells, tet-induced Mgat1 enhanced Con A but not
L-PHA binding. L-PHA binding was enhanced in tet-induced Mgat5,
while ConA was unchanged (Figure 2A and B). Tet-induced Mgat6
reduced L-PHA binding suggesting the addition of the Mgat6 branch
to Mgat5-branched N-glycans may interfere with L-PHA binding
(Figure 2B).

To further characterize the tet-induced Mgat1, Mgat5 and Mgat6
changes in the N-glycan distributions, we released structures from
Flp-In-TREx HeLa cell glycoproteins by PNGase and analyzed the
N-glycan alditols by LC–ESI-MS. We interpret these data in light of
the known specificity of the enzymes (Schachter 1986; Watanabe
et al. 2006) and prior knowledge of the Golgi pathway in mammalian
cells (Schachter 1986;Watanabe et al. 2006).We limited our interpret-
ation to structures with the N-glycan core plus 1–4 Hex-HexNAc
units, and the cartoon structures are drawn without branch linkages.
The MS features corresponding to the masses of 16 predicted
N-glycan structures were quantified, as shown by the examples in
Supplementary data, Figures S2 and S3. Twenty-three additional
structures are indicated by their m/z values and probable composi-
tions (Figure 2C–E; Supplementary data, Figure S1). The profile for
tet-induced Mgat1 HeLa cells revealed a 4- to 10-fold increase in
the immediate product of Mgat1 (structures 14, 15 and 16) but not
the down-stream tri- and tetra-antennary N-glycans (Figure 2C).
This was consistent with the lectin-binding profile of the cells
(Figure 2A and B), and suggests a backup in N-glycan processing
due to insufficient α-mannosidase II activity. Tet-induced Mgat5 re-
vealed a small increase in peaks with m/z of the expected products;
2,2,6 tri- and 4,2,2,6 tetra-antennary N-glycans with and without
fucose (Figure 2D, structures 3, 5, 8 and 11). In tet-induced Mgat6
HeLa cells, novel peaks were observed with m/z predicted to be the
4,2,2,4 tetra- and 4,2,2,4,6 penta-antennary products of Mgat6
with and without fucose (Figure 2E). Structures 10, 12 and 13 are pre-
dicted to be tetra- and penta-antennary products of avian Mgat6,
while the native 4,2,2,6 tetra-antennary N-glycans (structures 8 and
11) were reduced. This is consistent with our earlier studies showing
that Mgat5-modified intermediates are the preferred acceptor for
Mgat6 (Watanabe et al. 2006), thus conversion of tri- and tetra- to
tetra- and penta-branched N-glycan (Figure 2E). Structures 8 and
11 are preferred ligands for L-PHA binding, and their conversion to
10, 12 and 13 is associated with reduced L-PHA binding (Figure 2B).
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A low amount of Mgat6 activity was detected in the absence of tet
(Figure 1H), as well as a small amounts of structures 10, 12 and
13, suggesting some background (leaky expression) of the Mgat6
transgene (Figure 2E). HeLa cells had insufficient α-mannosidase II

activity to process the tet-induced Mgat1 product (i.e.,
HexNAc-Hex5-HexNAc2-Asn), which appeared to be the limiting
factor for tet-induced increases in Mgat5 and Mgat6 branched
N-glycans.

Fig. 2. N-Glycans profiles of transgenic Flp-In-TREx HeLa cells. (A) ConA and (B) L-PHA lectin binding to Mgat1, Mgat5 and Mgat6 in Flp-In-TREx HeLa clones, with

and without 1 μg/mL tet for 24 h, measured by fluorescencemicroscopy, *P < 0.05 and **P < 0.01 by Student’s t-test. (C–E) LC–ESI-MS chromatogram for N-glycans

in Flp-In-TREx HeLa cells expressing (C) Mgat1 clone 3, (D) Mgat5 clone 8 and (E) Mgat6 clone 6. The red chromatogram is tet induced and black is non-induced.

Yellow circles indicate increases, and blue circles indicate decreases. Cells were grown in DMEM, 25 mM Glc and 4 mM Gln + 10% FBS (standard conditions) with

and without tet for 24 h.
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Tet-inducible Mgat1, Mgat5 and Mgat6 N-glycan

branching

HEK293 is an immortalized human embryonic cell line with epithelial
morphology previously reported to be growth sensitive to changes in
N-glycan branching and HBP (Lau et al. 2008). HEK293 cell lines
with tet-inducible Mgat1, Mgat5 or Mgat6 were made by the

Flp-In-TREx system, and displayed tet-inducible expression of the en-
zymes, comparable with that seen in the HeLa cell lines (Figure 3A;
Supplementary data, Figures S2 and S3). Flp-In-TRExHEK293 clones
also displayed very similar induction of enzyme activities and glycan
branching, as illustrated for tet-inducible Mgat5 (Figure 3B).
Tet-induced Mgat5 expression alone increased L-PHA binding by

Fig. 3.N-Glycans profiles of transgenic Flp-In-TREx HEK293 cells by LC–ESI-MS. (A) Expression of transgene proteins detected bywestern blot probedwith anti-Flag

and tubulin antibodies in three different Flp-In-TREx Flag-tagged Mgat5 HEK293 clones, and Mgat5 enzyme activity measured in cell lysates from tet-inducible

expression of Flag-tagged Mgat5 in clone 4. (B) Tet-induced Mgat5 increases complex-type N-glycan branching in HEK293 Mgat5 clones 4 and 8, quantified by

Alexa-488 conjugated L-PHA fluorescence imaging. For quantification, mean ± SD, one-way ANOVA with Dunnett’s multiple comparison test. (C) L-PHA binding

of tri- and tetra-antennary N-glycans displays a synergistic effect for GlcNAc supplementation with tet-induced Mgat5 in clone 4. *P < 0.05 and **P < 0.01 by

Student’s t-test compared with tet control. (D–F) LC–ESI-MS chromatogram of N-glycans in Flp-In-TREx HEK293 cells expressing (D) Mgat1, (E) clone 4 Mgat5

and (F) Mgat6. Experimental conditions as described in Figure 2.
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∼13%, 30 mMGlcNAc supplementation to HBP by ∼30%, and add-
ition of both by ∼83%, clearly displaying a synergistic interaction
(Figure 3C).

To characterize the structural effects of tet-induction, N-glycans
were released by PNGase and the N-glycan alditols were analyzed
by LC–ESI-MS. Overall, HEK293 cells displayed a greater fold change

Fig. 4.Metabolite levels are sensitive to tet-induced branching and HBP stimulation. (A) Mgat1, Mgat5 andMgat6 Flp-In-TREx HeLa and HEK293 cells were grown in

standard culture conditions with and without tet (T) and 0, 15 or 30 mM GlcNAc supplementation for 24 h. Each row represents a biological replicate (n = 4–5).

Metabolites in cell lysates were measured by targeted LC–MS/MS and normalized to cell number. Data for 129 metabolites were analyzed by unsupervised

clustering and presented as heat maps (Supplementary data, Tables SII and SIII). (B) Lactate and (C) GSH/GSSG ratios in Flp-In-TREx HEK293 cells with and

without tet-induced Mgat1, Mgat5 and Mgat6 induction for 24 h. Additive effects of tet and GlcNAc, *P < 0.05 by Student’s t-test. (D) Scheme for increased

nutrient uptake and flow to catabolism (*) with tet-induced increased N-glycan branching and GlcNAc supplementation. Blue arrows indicate putative positive

feedback from central metabolism through de novo HBP to N-glycan branching.
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in tri- and tetra-antennary N-glycans than HeLa cells (Figure 3D–F;
Supplementary data, Figure S1). The tetra-antennary structures 8
and 11 were reduced in tet-induced Mgat1 HEK293 cells (Figure 3D).
This may seem counter-intuitive, but is consistent with multistep ultra-
sensitivity to UDP-GlcNAc that defines the GolgiN-glycan-branching
pathway in non-transformed epithelial cells (Lau et al. 2007). Briefly,
multistep ultrasensitivity is due to declining affinities of Mgat1,
Mgat2, Mgat4 and Mgat5 enzymes for UDP-GlcNAc (Km values in-
creases from 0.04 to 10 mM across the pathway). Mgat1 overexpres-
sion has been shown to reduce substrate available to Mgat4 and
Mgat5, but rescue is possible by extracellular GlcNAc supplementa-
tion to increase UDP-GlcNAc pool (Lau et al. 2007). Overexpression
of Mgat4 and Mgat5 in malignant cells reduces pathway dependence
on UDP-GlcNAc, thereby loss of regulator control by HBP (Lau and
Dennis 2008).

Tet-induced Mgat5 HEK293 cells displayed a ∼2-fold increase in
tri-antennary (structure 3 and 5), and a ∼2-fold increase in tetra-
antennary (structure 8 and 11) N-glycans (Figure 3E). Tet-induced
Mgat6 HEK293 cells produced the same novel oligosaccharide fea-
tures observed in HeLa cells, predicted to be the 2,2,4,6 tetra- (struc-
tures 7 and 10), 4,2,2,4 tetra- (structures 9 and 12) and 4,2,2,4,6
penta- (structure 13), while native 4,2,2,6 tetra- (structures 8 and

11) were reduced (Figure 3F). The N-glycan profiling data for
Mgat1, 5 and 6 Flp-In-TREx HeLa and HEK293 cells is summarized
in Supplementary data, Figure S1.

Regulation of cellular metabolite levels by Mgat1,

Mgat5, Mgat6 and HBP

Next, we measured metabolites in HeLa and HEK293 Flp-In-TREx
cells by liquid chromatography–tandem mass spectrometry (LC–MS/
MS) using MRM, targeting primarily glycolysis, amino acids, nucleo-
tides, TCA cycle and HBP metabolites. Supplementing cells with
GlcNAc increases UDP-GlcNAc available to the N-glycan-branching
enzymes and should interact with tet-induced Mgat1, Mgat5 or
Mgat6 to reveal more intense phenotypes (Sasai et al. 2002; Lau
et al. 2007). Cells were cultured in standard nutrient-rich medium,
with and without tet, in the presence of 0, 15 or 30 mM GlcNAc
for 24 h, and cellular metabolites were extracted and analyzed by
LC–MS/MS. In both Flp-In-TREx HeLa and HEK293 cells, GlcNAc
supplementation increased intracellular UDP-GlcNAc up to ∼5-fold
over control. All metabolites quantified in this and other experiments
are found in Supplementary data, Tables SI–III. Unsupervised cluster-
ing of metabolite data revealed that GlcNAc and tet-induced Mgat1,

Fig. 5. Growth of Mgat5 Flp-In-TREx HEK293 cells in defined Glc and Gln conditions. Mgat5 Flp-In-TREx HEK293 clone 4 cells were cultured with and without tet in

medium modified for Glc/Gln content as indicated + 10% FCS for 48 h. (A) Cell growth as a function of Glc and Gln concentrations, with and without tet-induced

Mgat5 (cell count ± SD, n = 3). (B) Growth conditions (gray bars) corresponding to (C) metabolite profiling by LC–MS/MS, and analyzed by PCA (Supplementary data,

Table SIV).
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Mgat5 or Mgat6 increased the levels of many metabolites in HeLa
cells, and HEK293 cells (Figure 4A). In the absence of GlcNAc,
tet-induced Mgat1, Mgat5 or Mgat6 was associated with modest in-
creases in metabolite levels, which was further enhanced in a dose-
dependent manner by GlcNAc supplementation. For example,
tet-induced Mgat5 and Mgat6 were additive with GlcNAc

supplementation for increases in lactate in HEK293, suggesting in-
creased glycolytic flux (Figure 4B; Supplementary data, Tables SII
and SIII). Increased lactate production is commonly observed in pro-
liferating cells, along with high rates of oxidative respiration that re-
quire mechanisms of stress tolerance (Levine and Puzio-Kuter 2010;
Kaplon et al. 2013). Reactive oxygen species are toxic by-products

Fig. 6. Amino acid levels increase with Mgat5 expression in Gln-deprived conditions. (A) Mgat5 Flp-In-TREx HEK293 clone 4 cells were cultured in the four Gln/Glc

conditions indicated, and data were normalized to 2.5/10 Gln/Glc no-tet (second bar from the right, red line) and plotted as fold change (mean ± SD, n = 5, *P < 0.05).

The axis labels are shown for Ala at the top. The pathway scheme is from Chapter 20 (Amino Acid Degradation and Synthesis) Lippincott’s Illustrated Reviews:

Biochemistry. (B) Heat map of amino acid levels in cells and medium showing data for each of 4–5 replicates. In limiting conditions, tet-induced Mgat5

increased cellular amino acids content, and the depleted growth medium of the same, indicating increased amino acids uptake. Red is high, green is low. White

boxed area highlights contrasting effect of +tet on cells and medium.
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of oxidative respiration that require buffering by glutathione (GSH) in
a reaction that produces glutathione disulfide (GSSG) (Suzuki et al.
2010). The ratio of GSH to GSSG declined markedly with GlcNAc
supplementation in HEK293 cells, with and without tet-induction
for all three enzymes (Figure 4C). Mgat6 HEK293 cells displayed
lower GSH/GSSG ratio without induction, which declined further
with tet-induction and GlcNAc treatment, possibly due to low-level
expression of Mgat6 in the absence of tet. Taken together, the results
suggest that N-glycan branching and HBP increase the levels of many
metabolites, including glycolysis and TCA cycle intermediates, as well
as amino acids, with increased disposition of carbon into oxidative
respiration (Figure 4D; Supplementary data, Tables SII and SIII).
However, tet-induction and/or GlcNAc supplementation did not in-
crease cell proliferation in the rich-medium conditions used in these
experiments (Abdel Rahman et al. 2013; and data not shown).

Tet-inducible Mgat5 enhances amino acid uptake

and growth in nutrient-poor conditions

Nutrient-rich culture medium does not reflect typical in vivo condi-
tions, where Glc and amino acid availability are frequently limiting.
Therefore, Glc and Gln were titrated in the medium, and cell growth
compared for non-induced and tet-induced N-glycan branching.
HeLa tumor cells displayed growth autonomy that did not benefit

from tet-induced Mgat5 when Glc and/or Gln supply was limiting
(data not shown). In contrast, tet-induced expression of Mgat5
alone in HEK293 cells rescued cell growth under low Glc/Gln condi-
tions (Figure 5A). This is also consistent with the greater inducibility of
Mgat5-branched N-glycans in the HEK293 cell line (Figures 2D and
3D). Therefore, HEK293 cells were cultured for 24 h in DMEM me-
dium containing four Gln/Glc concentrations (0/2.5, 0/10, 2/2.5 and
2/10 mM), selected to reveal growth-sensitive effect of tet-induced
Mgat5 (Figure 5A and B). Cellular metabolites were analyzed by
LC–MS/MS, and principal component analysis (PCA) of the data re-
vealed clear separation of the experimental groups based on Glc and
Gln supply (Figure 5C). In 2 mM Gln, separation was observed for
high versus low Glc, but no further separation was observed with
tet-inducedMgat5, suggesting that Glc uptake is not likely the primary
effect of tet-induced Mgat5. However, in 0 mM Gln, the tet-treated
and untreated cells were separated, and with greater distance when
Glc supply was also low (Figure 5C). Note that in 0 mM Gln without
tet, Glc had no effect on separation in the PCA plot. We conclude that
in Gln-depleted conditions, tet-induced Mgat5 enhances intracellular
metabolite levels and growth by increasing amino acid uptake, while
Glc supply acts as a modifying factor.

In Gln-depleted conditions, most metabolites that were measured
increased with tet-induced Mgat5, while the effect of tet-induced
Mgat5 in richer medium (i.e., 2 mM Gln plus 2.5 or 10 mM Glc)

Fig. 7. Tet-inducedMgat5 increased HBP and glycolysis metabolites in Gln/Glc limiting conditions. Mgat5 Flp-In-TREx HEK293 clone 4 cells were cultured in the four

Gln/Glc conditions, and normalized data graphed as fold change. The datawere normalized to 2.5/10 mMGln/Glc no-tet conditions (second bar from the right, black

line). *P < 0.05 by Student’s t-test for tet-induced change at 0/2.5 mM Gln/Glc condition.

236 AM Abdel Rahman et al.



was minimal (Figures 6 and 7). In Gln-depleted medium, intracellular
Gln was reduced by ∼10-fold, and Glu and α-ketoglutarate by ∼2- to
3-fold (Figure 6A; Supplementary data, Figure S4). Tet-induced
Mgat5 increased intracellular amino acid content, while depleting
them from the growth media (Figure 6B). Increased consumption
from the media by tet-induced Mgat5 cells was observed for Arg,
His, Met, Phe, Ser, Trp, Tyr, Val, Ileu, Leu and Cys, which includes
the essential amino acids (EAAs). The catabolism of amino acids pro-
vides NH4

þ for Glu and Gln synthesis, as well as anaplerotic support
to the TCA cycle. Indeed, tet-induced Mgat5 increased Glu and TCA
cycle intermediates including succinyl-CoA, succinate, fumarate and
malate (Supplementary data, Figure S4). Glycolysis and HBP inter-
mediates were also increased in low Gln conditions, suggesting a re-
duced demand for Glc due to the increased uptake and catabolism
of amino acids (Figure 7). Tet-induced Mgat5 increased GlcN-P,
GlcNAc-P and UDP-GlcNAc, which contribute positive feedback to
the N-glycan branching enzymes, and downstream effectors.
Mgat5 has a low affinity for UDP-GlcNAc, and is therefore sensitive
to Glc and Gln flux through HBP (Abdel Rahman et al. 2013).
Our results suggest that up-regulation of Mgat5 may generate
positive feedback to nutrient uptake by increasing UDP-GlcNAc
supply to the Golgi (Figure 4D). The effect of tet-induced Mgat5 on
central metabolite levels are summarized in Supplementary data,
Figure S5.

Increased Gln uptake and catabolism is a critical feature of metab-
olism in proliferating cells (Levine and Puzio-Kuter 2010; Wellen and
Thompson 2012). Branched-chain EAA uptake is mediated by a

bidirectional transporter complex (Slc7a5 and Slc3a2) that exports
Gln in exchange for the import of branched-chain EAA (Nicklin
et al. 2009). To measure Gln uptake directly, cells were pulse labeled
with dual-labeled 15N15N-Gln for 1, 5 and 10 min. Tet-induced
Mgat5 increased L-PHA staining by ∼50% and modestly increased
uptake of 15N15N-Gln, which was further increased in an additive
manner by 15 mM GlcNAc (Figure 8A). 15N15N-Gln conversion to
15N-Glu and re-amination to single-labeled 15N-Gln showed similar
kinetics (Figure 8, right). Tet-inducedMgat1 suppressed L-PHA stain-
ing by∼20%, consistent with observed suppression of tetra-antennary
structures 8 and 11 by mass spectrometry (Figure 3D). Tet-induced
Mgat1 alone had little effect on 15N15N-Gln uptake (Figure 8B).
These results demonstrate that Mgat5-modified N-glycan branching
and HBP cooperate to up-regulate Gln import.

Discussion

In this report, we generated transgenic HEK293 and HeLa cell lines
with single-site insertions for tet-inducible overexpression of Mgat1,
Mgat5 and avian Mgat6 enzymes, and characterized their effects on
N-glycan profiles and central metabolism by mass spectrometry.
N-Glycan profiling revealed unexpected differences between HeLa
and HEK293 cell lines following tet-inducible transgene overexpres-
sion. In HeLa cells, tet-induced Mgat1 markedly increased the
expected hybrid N-glycans, but had a much smaller effect on down-
stream branching, suggesting the cells have insufficient α-mannosidase

Fig. 8. Tet-induced Mgat5 branching stimulates Gln uptake. Flp-In-TREx HEK293 (A) Mgat5 clone 4 and (B) Mgat1 clone 7 cells were grown with and without tet and

15 mMGlcNAc in standard culture conditions. Glnwas removed for 16 h and cells were pulsedwith 1 mM 15N15NGln for the indicated times. 15N15NGln and 15NGln

levels in cell lysatesweremeasured by LC–MS/MS. *P < 0.05 and **P < 0.01with n = 5–6 samples. The bar graphs on the left compare branching by L-PHA staining of

Mgat1 and Mgat5, with and without tet-induction.
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II activity to process the additional Mgat1 product. In HEK293 cells,
tet-inducedMgat1 did not increase hybridN-glycans, but did partially
suppress downstream branching, consistent with previous character-
ization of the pathway as multistep ultrasensitive to UDP-GlcNAc
(Lau et al. 2007, 2008). Tet-induced Mgat5 increased tri- and tetra-
antennary N-glycans in HEK293 more robustly than in HeLa cells.
HBP supplementation was additive with tet-induced Mgat1, Mgat5
andMgat6 for increasing levels of cellular metabolites in nutrient-rich
medium. The nutrients were not a stimulus for cell proliferation, but
rather catabolism as indicated by increased lactate and oxidative
respiration. GlcNAc supplementation at >15 mM overcame the
UDP-GlcNAc-limiting effects of Mgat1 overexpression in HEK293T
cells (Lau et al. 2007). Similarly, GlcNAc supplementation acts down-
stream of α-mannosidase II and Mgat1, and markedly up-regulated
metabolite levels in HeLa cells.

Mgat6 enhances functionality of N-glycan branching

in mammalian cells

The Mgat5 product is the preferred acceptor for Mgat6, which adds a
GlcNAcβ1,4 branch that is not present in mammals (Watanabe et al.
2006). The matureN-glycan branches function in an additive manner
to regulate galectin binding to growth factor receptors and nutrient
transporters at the cell surface (Lau et al. 2007). Here, we have tested
the hypothesis from an evolutionary perspective. The addition of an
ectopic branch to N-glycans in mammalian cells should display an
additive and stronger phenotypic effect compared with overexpression
of Mgat5. Tet-induced Mgat6 alone and with GlcNAc supplementa-
tion in both HeLa and HEK293 cell lines, displayed the strongest en-
hancement of metabolite levels of the three enzymes tested (Figure 4A).
It is possible that overexpression of Mgat6 qualitatively changes the
interaction between mammalian branching enzymes and HBP, or
that Mgat6 has substrate preferences that alter the relationship be-
tween nutrient transporters activities. Overall, our results provide
compelling evidence that functional redundancy of branches and
their conditional regulation by HBP is a critical feature of metabolic
regulation (Dennis and Brewer 2013). The emergence of Mgat6 in
tetrapod dinosaurs and retention of the gene in modern birds may
play a critical role in their metabolic rates and fitness.

Mgat5 enhances metabolism in Gln-deprived conditions

In low Gln/Glc culture conditions, tet-induced Mgat5 alone rescued
proliferation in cultures of HEK293 cells, but not in HeLa cells, con-
sistent with the relative change inN-glycan branching upon tet-Mgat5
induction in the two cell lines. Tet-inducedMgat5 in HEK293 cells sti-
mulated the uptake of EAAs, and increased the levels of glycolytic,
HBP and TCA pathway intermediates (Figures 6 and 7). In a more dir-
ect assay of uptake, tet-induced Mgat5 and 15 mM GlcNAc-
stimulated 15N15N-Gln uptake in a cooperative manner (Figure 8).
GlcNAc supplementation to HBP has been shown to stimulate Gln up-
take and catabolism in Bax−/−Bak−/− lymphoma cells in the absence of
Glc (Wellen et al. 2010). In these experiments, surface IL-3 receptor
was reduced inGlc-starved condition, but could be rescued byGlcNAc
supplementation to UDP-GlcNAc and N-glycan branching (Wellen
et al. 2010). Furthermore, IL-3 receptor-dependent signaling-
stimulated transcription of SLC1A5, a high-affinity Gln transporter,
and SLC6A19, a transporter of Leu and Gln. However, the present
study is the first to show a direct effect of Mgat5-mediated branching
on amino acid uptake and metabolic flux, in low Gln/Glc (i.e., 0/
2.5 mM) +10% FBS culture conditions. Gln is not an EAA, but high
growth rates in embryonic and cancer cells depend on the import of

Gln, and anaplerotic conversion to α-ketoglutarate which supports
the TCA cycle (DeBerardinis et al. 2008). SLC7A5/SLC3A2 is a bidir-
ectional transporter that imports branched-chain essential amino
acids (BCAAs) (Leu, Ile and Val) in exchange for Gln efflux (Nicklin
et al. 2009). The Gln transporter, SLC1A5 is widely expressed and re-
quired to support BCAA uptake, although in some cells, Gln biosyn-
thesis from α-ketoglutarate and glutamate can support internal needs
and SLC7A5/SLC3A2 activity (Hassanein et al. 2013). Tet-induced
Mgat5 alone in HEK293 cells was sufficient to increase uptake of
Gln and EAA in low Gln/Glc culture conditions. Gln is also a positive
regulator of HBP (Abdel Rahman et al. 2013) and may drive recipro-
cal positive feedback between N-glycan branching and metabolism
(Figure 4D; Supplementary data, Figure S5).

Mgat5-deficient mice are hypoglycemic and display a reduced sen-
sitivity to glucagon (Johswich et al. 2014), and here we have presented
the first evidence of cell autonomous regulation of metabolism by
N-glycan branching. Up-regulation of Mgat5 in HEK293 cells stimu-
lated amino acid uptake and increased metabolite levels under low
Gln/Glc culture conditions. Further work is required to identify the
various nutrient transporters regulated by N-glycan branching and
their contribution to development, disease and environmental stress.

Supplementary data

Supplementary data for this article are available online at http://
glycob.oxfordjournals.org/.
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