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(Bacl(ground: N-Acetylhexosamines are precursors of all major vertebrate glycan types.
Results: Mammalian cells can incorporate N-glycolylgalactosamine (GalINGc) and N-glycolylglucosamine (GlcNGc) into most
major cellular glycans and utilize GaINGc for de novo biosynthesis of Neu5Gc.

Conclusion: N-Acetylhexosamine biosynthetic pathways and glycan assembly are mostly tolerant toward the N-glycolyl

Significance: Catabolism of Neu5Gc might create novel N-glycolylated glycan epitopes in vivo.
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The outermost positions of mammalian cell-surface glycans are
predominantly occupied by the sialic acids N-acetylneuraminic
acid (Neu5Ac) and N-glycolylneuraminic acid (Neu5Gc). To date,
hydroxylation of CMP-Neu5Ac resulting in the conversion into
CMP-Neu5Gc is the only known enzymatic reaction in mammals
to synthesize a monosaccharide carrying an N-glycolyl group. In
our accompanying paper (Bergfeld, A. K., Pearce, O. M., Diaz,
S. L., Pham, T., and Varki, A. (2012) J. Biol. Chem. 287,
jbc.M112.363549), we report a metabolic pathway for degradation
of Neu5Gc, demonstrating that N-acetylhexosamine pathways are
tolerant toward the N-glycolyl substituent of Neu5Gc breakdown
products. In this study, we show that exogenously added N-glyco-
lylgalactosamine (GalNGc) serves as a precursor for Neu5Gc de
novo biosynthesis, potentially involving seven distinct mammalian
enzymes. Following the GalNAc salvage pathway, UDP-GalNGc is
epimerized to UDP-GIcNGc, which might compete with the
endogenous UDP-GIcNAc for the sialic acid biosynthetic pathway.
Using UDP-N-acetylglucosamine 2-epimerase/N-acetylmannos-
amine kinase-deficient cells, we confirm that conversion of
GalNGc into Neu5Gc depends on this key enzyme of sialic acid
biosynthesis. Furthermore, we demonstrate by mass spectrometry
that the metabolic intermediates UDP-GalNGc and UDP-GIcNGc
serve as substrates for assembly of most major classes of cellular
glycans. We show for the first time incorporation of GaINGc and
GIcNGc into chondroitin/dermatan sulfates and heparan sulfates,
respectively. As demonstrated by structural analysis, N-glycoly-
lated hexosamines were found in cellular gangliosides and incor-
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porated into Chinese hamster ovary cell O-glycans. Remarkably,
GalNAc derivatives altered the overall O-glycosylation pattern as
indicated by the occurrence of novel O-glycan structures. This
study demonstrates that mammalian N-acetylhexosamine path-
ways and glycan assembly are surprisingly tolerant toward the
N-glycolyl substituent.

The cell surface of mammalian cells contains a variety of
glycoconjugates, which are involved in modulating and medi-
ating events such as cell-cell, cell-matrix, or cell-molecule
interactions that are critical for the function and development
of a complex organism (2). N-Glycans are covalently attached
to asparagine residues within a specific consensus motif of pro-
teins and share a common GlcNAc,Man, core structure, which
can be processed and/or elongated with additional monosac-
charides such as galactose, GIcNAc, fucose, sialic acids, and
less commonly by GalNAc (3). The most abundant O-glycans
are characterized by an a-GalNAc residue covalently attached
to serine or threonine residues of mammalian glycoproteins.
GalNAc may be further extended with monosaccharides such
as galactose, GIcNAc, fucose, and sialic acids, but not mannose
or glucose (4). Many nucleocytoplasmic proteins contain
single GIcNAc residues attached to serine or threonine residues
(see our accompanying paper (5)). Glycosphingolipids are the
most abundant class of glycolipids in mammals and commonly
begin with a galactose (GalCer) or glucose (GlcCer) residue
being linked to a ceramide backbone. In higher animals, most
glycosphingolipids are built on GlcCer and may contain addi-
tional galactose, GalNAc, and sialic acid residues (6). Sialic
acid-containing glycosphingolipids are referred to as ganglio-
sides. Another class of glycans are glycosaminoglycans that are
long unbranched polysaccharides consisting of repeating disac-
charide building blocks. Examples are chondroitin sulfates
(GalNAc/glucuronic acid), dermatan sulfates (GalNAc/idu-
ronic acid and glucuronic acid), and heparan sulfates (GlcNAc
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and iduronic acid or glucuronic acid), which are covalently
attached to serine residues in proteoglycans and represent a
major component of the extracellular matrix (7).

Among the major mammalian classes of glycans, N-glycans,
O-glycans, and gangliosides typically carry sialic acids at the
outermost positions of a glycan chain (8). Sialic acids are a fam-
ily of acidic nine-carbon backbone monosaccharides, with
N-acetylneuraminic acid (Neu5Ac)® and N-glycolylneuraminic
acid (Neu5Gc) being the most prevalent in mammals. Because
of their exposed position and quantity at the cell surface, they
are involved in the stabilization of molecules and membranes as
well as recognition and modulation of a multitude of cell-cell
and cell-environment interactions. The only known cellular
pathway for synthesis of Neu5Gc is the conversion of CMP-
Neu5Ac into CMP-Neu5Gce catalyzed by the CMP-Neu5Ac
hydroxylase (CMAH) enzyme (9-16). In contrast to other
mammals studied to date, humans contain an inactivating
frameshift mutation in the CMAH gene (17-20), and humans
thus lost the ability to synthesize endogenous Neu5Gc. How-
ever, Neu5Gc has been found in various human cancers, in fetal
meconium, and even in normal human tissues (21-27), appar-
ently originating from Neu5Gc-rich animal-derived dietary
sources such as red meats or dairy products (28, 29). Our
accompanying paper (30) demonstrated that mice with a
human-like defect in the Cmah gene incorporate Neu5Gc from
a Neu5Gc-rich diet. All humans tested thus far display a poly-
clonal circulating anti-Neu5Gc antibody repertoire (31, 32),
which suggests that Neu5Gc might be the first known example
of a “xeno-autoantigen” (33).

As the CMAH enzyme is the only known mammalian bio-
synthetic pathway to synthesize a sugar carrying an N-glycolyl
group, Neu5Gc is the only logical source for any other amino
sugar carrying an N-glycolyl group. Thus far, uptake and recy-
cling of Neu5Gc through the lysosomal transporter sialin have
been well studied (29, 34), but turnover and putative degrada-
tive pathways are just beginning to be explored. In our accom-
panying paper (1), we report a pathway of Neu5Gc degradation.
Therein, we show that mammalian cells can convert Neu5Gc
into ManNGg, followed by epimerization to GIcNGc and phos-
phorylation into GlcNGc 6-phosphate, with final de-acylation
of the latter, resulting in formation of the ubiquitous cellular
metabolites glycolate and glucosamine 6-phosphate (1). This
finding already suggests a certain level of tolerance of basic
metabolic enzymes toward the N-glycolyl substituent and
raises the question of whether the N-glycolylated breakdown
products of Neu5Gc are able to be salvaged. The GalNAc sal-
vage pathway has already been described to be very efficient in
introducing artificial GaNAc derivatives, resulting in modified
O-glycans on glycoproteins and nucleocytoplasmic proteins

2 The abbreviations used are: Neu5Ac, N-acetylneuraminic acid; CID, collision-
induced dissociation; CMAH, CMP-Neu5Ac hydroxylase; CS, chondroitin
sulfate; DMB, 1,2-diamino-4,5-methylenedioxybenzene; DS, dermatan sul-
fate; GAG, glycosaminoglycan; GalNAz, N-azidoacetylgalactosamine;
GalNGc, N-glycolylgalactosamine; GIcNGc, N-glycolylglucosamine; GNE,
UDP-N-acetylglucosamine 2-epimerase/N-acetylmannosamine kinase;
Hex, hexose; HS, heparan sulfate; ManNGc, N-glycolylmannosamine;
Neu5Gc, N-glycolylneuraminic acid; UDP, uridine diphosphate; perGalNGc,
per-O-acetylated GalNGc; GRIL, glycan reductive isotope labeling.
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(35—40). In this study, we use exogenous GalNGc for metabolic
labeling and demonstrate its incorporation in nearly all of the
major glycans present in vertebrates.

EXPERIMENTAL PROCEDURES

Synthesis and Chemical Characterization—"“Brine” refers to
a saturated aqueous solution of sodium chloride. Proton
nuclear magnetic resonance spectra (d;;) were recorded on a
Jeol ECA 500 (500 MHz). 500 MHz spectra were assigned using
COSY. All chemical shifts were quoted on the §-scale in ppm,
using residual solvent as the internal standard. Low resolution
mass spectra, obtained at the University of California San
Diego, Chemistry and Biochemistry Molecular MS Facility,
were recorded on a Micromass Platform 1 spectrometer using
electron spray (ES) ionization with methanol as carrier solvent.
Flash column chromatography was performed using Sorbsil
C60 40/60 silica gel. Thin layer chromatography (tlc) was per-
formed using Merck Kieselgel 60F254 pre-coated aluminum
backed plates. Plates were visualized using 5% sulfuric acid in
methanol.

2-Deoxy-2-[(hydroxyacetyl)amino]-p-galactopyranose (41)—
The hydrochloride salt of 2-amino-2-deoxy-p-galactopyranose
(1.0 g, 4.6 mmol) was dissolved in water (60 ml) with sodium
bicarbonate (10.8 g, 130 mmol) and cooled in an ice bath. Ace-
toxyacetyl chloride (4.2 ml, 39 mmol) was added slowly to the
reaction mixture. After 30 min, tlc (EtOAc/MeOH, 7:3, v/v)
showed complete consumption of the starting material (R, =
0.0) and the formation of the product (R, = 0.3). The reaction
mixture was neutralized with mixed bed resin and concen-
trated under vacuum. The product was purified through silica
column and concentrated under vacuum to yield a white gum
(1.0g, 4.2 mm, 91%). For "H NMR (D, O, 500 MHz) (assigned for
the major anomer), 6 = 3.53 (ddd, J = 1.1 Hz, ] = 45 Hz, /] =
8.0 Hz, 1H, H-6), 3.59-3.62 (m, 2H, H-5, H-6'), 3.64
(dd, J5, = 3.7 Hz, J, s = 14.0 Hz, 1H, H-4), 3.82 (dd, /5 , = 2.8
Hz, J,5 = 11.2 Hz, 1H, H-3), 3.97 (s, 2H, CH,OH), 4.04 (dd,
J1»=3.7Hz,J, 5 = 10.9 Hz, 1H,H-2),5.09 (d, ], , = 3.7 Hz, 1H,
H-1). 3C-NMR (D, 0, 500 MHz) 8 = 53.5,61.2, 67.4. 68.2, 70.9,
74.9,95.1 (C-1), 175.8 (C = O). m/z (ESI") was 260 (M + Na*,
100%), 238 (M + H™, 20%). The HRMS m/z (ES™) calculated
for CgH,;NO,Na (M + Na™*) was 260.0741 and found was
260.0740.

1,34,6- Tetra-O-acetyl-2-deoxy-2-[(acetoxyacetyl)amino]-p-galact-
opyranose—2-Deoxy-2-[(hydroxyacetyl)amino]-p-galactopyranose
(200 mg, 0.80 mmol) was mixed with acetic anhydride (5 ml)
and pyridine (5 ml) to generate a slurry. After 24 h, tlc (petrol/
EtOAc, 9:1) showed complete consumption of the starting
material (R, = 0.0) and formation of the product (R, =
0.3). The clear/colorless solution was dried under reduced pres-
sure to yield a sticky straw-colored gum. The residue was dis-
solved in chloroform and washed with sodium bicarbonate,
water, and finally brine. The solution was then dried with
sodium sulfite, filtered, and dried under vacuum. The crude
product was purified through a silica column (petrol/EtOAc,
9:1) and concentrated under vacuum to yield a white gum (320
mg, 0.72 mM, 90%). For '"H NMR (CD,Cl, 500 MHz) (assigned
for the major anomer), 6 = 2.01 (s, 3H, CH,), 2.02 (s, 3H, CH,),
2.03 (s, 3H, CH,), 2.04 (s, 3H, CH,), 2.12 (s, 3H, CH,), 4.08 -
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4.19 (m, 2H), 4.22 (t, ] = 6.9 Hz, 1H), 4.52 (s, 2H), 4.65—4.70 (m,
1H), 5.26 (dd, J = 3.1 Hz, J = 11.4 Hz, 1H), and 6.24 (d, ] = 3.8
Hz, 1H). For **C NMR (CD,Cl, 500 MHz), § = 20.6, 20.7, 49.7,
61.3,62.8,66.7,67.5,70.2, 74.0, 91.1, 169.0, 167.5, 169.7, 170.6,
171.0,and 171.8. m/z (ESI™) was 470 (M + Na™, 100%) and 465
(M + NH,™, 15%). The HRMS m/z (ES*) calculated for
C,gH,sNO,,Na (M + Na*) was 470.1269 and found was
470.1266.

Preparation of [glycolyl->H]GalNGc—To synthesize [glyco-
lyl-*H]GalNGc, 18.5 MBq of [*H]glycolic acid (prepared as
described in the companion paper (1) were incubated with 50
mM galactosamine in the presence of 50 mm ethyl-3-(3-dimeth-
ylaminopropyl)-carbodiimide and 2 mm N-hydroxysulfosuc-
cinimide in 50 mM MOPS buffer (pH 7.5) in a final volume of 2
ml. The reaction mixture was incubated overnight at room
temperature with gentle mixing, subsequently diluted to 10 ml
with water, and applied to a 2 ml Dowex-50 column (AG-50W-
X2, Bio-Rad) pre-equilibrated with water. The column was
washed with 5 column volumes of water; the washes were
pooled with the run-through, and the pool was applied onto a 2
ml AG-3X-4A (OH™ form, Bio-Rad) column pre-equilibrated
with water. The column was washed with 5 column volumes of
water, and the washes were pooled with the run-through and
dried down. The recovery was monitored by scintillation
counting, and the final yield of [glycolyl->H]GalNGc was 7.2
MBq (39.0%). The identity of synthesized [glycolyl-*H]GalNGc
was confirmed by HPLC confirming co-elution with the nonla-
beled chemically well characterized counterpart (data not
shown).

Cell Culture—Human THP-I cells (42) as well as murine
Emeg32 '~ and Emeg32"’'~ embryonic fibroblasts (43) were
cultivated in Dulbecco’s modified Eagle’s medium (DMEM
high glucose, Invitrogen). Human M-21 cells (44) were grown
in a-minimal essential medium (Invitrogen), and human B lym-
phoma cell line BJA-B (Burkitt’s lymphoma-like (45), subclones
K88 and K20 (46) was kept in RPMI 1640 medium (Invitrogen).
Wild type CHO-K1 and mutant 1dl-D cell lines (47) were cul-
tured in DMEM/F-12 (Invitrogen). All media were supple-
mented with 5% Neu5Gc-free human serum (heat-inactivated
and sterile-filtered, Valley Biomedical Inc.) instead of fetal
bovine serum and 2 mwm glutamine. Cells were cultivated in a
humidified 5% CO, atmosphere at 37 °C.

Flow Cytometry—Experiments were performed as described
previously (1). For cell feedings, 1 X 10° suspension cells
(THP-I, BJA-B subclones K20 or K88) were seeded into 6-well
dishes (2 ml of feeding media/well), and adherent cells (CHO-
K1, 1dl-D, Emeg32 /", and Emeg32"’~ cells) were used in
P-100 dishes 3 days prior to reaching confluence again. The
feeding media were supplemented with compounds as indi-
cated using the following pH neutral stock solutions either pre-
pared in PBS (pH 7.4) (100 mMm Neu5Gc and 1 M GalNGc) or in
DMSO (100 mm GalNGc, 100 mm perGalNGc). Regarding cell
feedings with GalNGc, the DMSO stock was used when aiming
at a final concentration of 100 uMm in the media. Cells were
cultured for 3 days in the feeding media. Thereafter, adherent
cells were detached with 20 mm EDTA in PBS, and all cells were
washed three times with PBS.

28900 JOURNAL OF BIOLOGICAL CHEMISTRY

1,2-Diamino-4,5-methylenedioxybenzene (DMB) Derivatiza-
tion and HPLC—DMB-HPLC was performed as described in
our accompanying paper (30). As starting material, ~5% of cells
from a confluent P-100 dish or 100 ul of a dense suspension cell
culture were used in the protocol. Cell lysates thereof were pre-
pared by repetitive freeze-thaw followed by sonication. An ali-
quot (10%) of each lysate was used to determine the protein
concentration using the BCA protein assay kit (Pierce). The
remaining lysates were hydrolyzed with 2 M acetic acid to
release glycosidically bound Neu5Gc prior to derivatization
with DMB and analysis by HPLC. The percentage of Neu5Gc
was calculated from total sialic acid content in all samples.

Preparation and Analysis of UDP-sugars from Cells—Two
T-75 flasks of BJA-B subclones K20 and K88 were set up each
with 5 X 10° cells in 5 ml of culturing media. The media were
supplemented with 1.036 MBq [*H]GalNAc (American Radio-
labeled Chemicals, Inc.) or [PH]GalNGc, and cells were har-
vested after 3 days. Cell pellets were washed three times with
PBS, resuspended in 30 ul of 10 mm Tris-HCI (pH 7.5), and
lysed by repetitive freeze-thaw. After addition of 70 ul of etha-
nol (70% final) and incubation at —20 °C overnight, proteins
and membrane debris were precipitated (20 min/20,000 X
g/4 °C). The supernatants were transferred into fresh tubes, and
samples were dried down. For analysis, samples were resus-
pended in a final volume of 110 ul of water, which was supple-
mented with internal standard [**C]GIcNGc (1). The sample
was sterile-filtered prior to HPLC analysis using high perform-
ance anion exchange chromatography-pulsed amperometric
detection and scintillation counting. Monosaccharides were
separated by HPLC (Dionex DX-600 BioLC system equipped
with an ED50 Electrochemical Detector, Dionex) using a Car-
boPac PA-1 column (Dionex) under alkaline conditions. Sam-
ples (100 ul) were injected, and an optimized gradient (supple-
mental Fig. S3) was applied at a flow rate of 1 ml/min, and
0.5-ml fractions were collected directly into scintillation vials.
To each vial, 5 ml of scintillation mixture (Scintiverse BD,
Fisher) was added prior to scintillation counting. Based on
the elution of the internal standard, elution profiles were
superimposed.

Isolation of Glycosaminoglycans (GAGs) from Cells—Purifi-
cation of GAGs was performed based on established protocols
(48). For radiolabeling studies, CHO-K1 and 1dI-D cells were
split into P-100 dishes and cultured in regular media until 3
days prior to reaching confluence. At this time point, the media
were supplemented with 925 kBq [*H]GalNAc or [*H]GalNGc.
Three days later, cells were detached using 20 mm EDTA in
PBS. The culture media were saved, and cells were washed three
times with PBS. Nonradioactive experiments were carried out
similarly, but P-150 dishes were used, and cells were incubated
at a final concentration of 10 mm GalNAc or 10 mm GalNGc.
Cell pellets were lysed in 2.5 ml of 0.1 M NaOH for 15 min at
37 °C. After addition of 20 ml of buffer A (50 mMm sodium ace-
tate, 200 mMm NaCl (pH 6.0)), the pH was adjusted to 8.0 with
acetic acid. The pH of the culture media was adjusted to 8.0 as
well. Pronase E (Sigma) was added at a final concentration of
100 ug/ml, and samples were incubated for 24 h in a end-over-
end shaker. Additional 50 ug/ml of Pronase E was added, and
samples were incubated overnight. Samples were boiled for 10
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min to inactivate the protease, followed by centrifugation at
3000 X gfor1h, and passed through a 5 um low binding syringe
filter. A polyprep column (1 ml) was prepared with DEAE-Sep-
hacel (Sigma) and prewashed with 20 ml of buffer B (buffer A +
0.1% w/v Triton X-100) prior to loading the samples. Thereaf-
ter, columns were washed with 30 ml of buffer A, and GAGs
were subsequently eluted with 5 ml of buffer C (50 mm sodium
acetate, 1 M NaCl (pH 6.0)). The eluates were collected and
desalted on PD-10 columns (GE Healthcare) following the
manufacturer’s guidelines. Thereafter, samples were frozen
and lyophilized, and material was stored at —20 °C.

CL-6B Gel Filtration Chromatography—Isolated GAGs from
radiolabeled cells (see above) were resuspended in 500 ul of
water and split equally into two tubes. Samples were diluted
10-fold with buffer (0.5 m Tris-HCI, 0.5 M NaCl (pH 7.9)) and 20
milliunits of chondroitinase ABC (Proteus vulgaris, Sigma) was
added to only one of the samples followed by incubation at
37 °C overnight. Thereafter, saturated phenol red solution
(sterile filtered) was added to a final volume of 0.5 ml to each
sample. A gel filtration column (1.7 cm outer diameter by 42
cm, CL-6B, Sigma) was poured and equilibrated in buffer A.
Samples were loaded and column run with ~40 wpl/min using
buffer A. Fractions were collected (15 min each, ~120 fractions
total), and radioactivity was determined by scintillation count-
ing. The elution time of phenol red was set to 1, and relative
elution times of all fractions were calculated accordingly.

LC/MS Analysis of GAGs—Enzymatically depolymerized
GAG preparations were differentially mass labeled by reductive
amination with ['*CgJaniline as described previously (49). Each
sample was mixed with commercially available standard unsat-
urated disaccharides that were tagged with ['*CJaniline. Sam-
ples were analyzed by liquid chromatography-mass spectrom-
etry (LC/MS) using an LTQ Orbitrap Discovery electrospray
ionization mass spectrometer (Thermo Scientific) equipped
with an Ultimate 3000 quaternary high performance liquid
chromatography micro pump (Dionex) and a C-18 reverse-
phase micro-bore column (Higgins Analytical) as described
previously (49). Disaccharides containing an N-glycolyl group
were identified based on their unique mass. The Disaccharide
Structure Code previously described (50) was amended to
include N-glycolyl moieties denoted with an uppercase letter Q
in heparan sulfate-derived disaccharides and a lowercase q
in chondroitin sulfate-derived disaccharides. Thus, GIcA-
GlcNGc is denoted as GOQO and GlcA-GalNGc as GOqO.

Isolation of O-Glycans from Cells—CHO-K1 and 1dl-D cells
were split into 2X P-150 dishes each and cultured in regular
media until 3 days prior to reaching confluency. At this time
point, the media were supplemented with 10 mm GalNAc or 10
mM GalNGc (from 1 M neutral stocks in PBS (pH 7.4)). Three
days later, cells were detached using 20 mm EDTA in PBS and
washed three times with PBS. For the following protocol, 60% of
cells from a confluent P-150 dish were resuspended in 600 ul of
water, ruptured by sonication, and incubated by stirring over-
night at 45 °C in the presence of 50 mm NaOH and 1 M NaBH,
(51). Samples were neutralized by addition of 30% acetic acid on
ice and desalted by passing over a 2 ml Dowex AG50 - 0W-8X
column. The flow-through was lyophilized, and borates were
removed by repeated co-evaporation under nitrogen flush four
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times with 2 ml of methanol, five times with 2 ml of 9:1 meth-
anol/acetic acid, and five times with 2 ml of methanol. Finally,
the sample was dissolved in 1 ml of water and purified using a
C-18 column (100 mg, Waters), which was pre-washed as fol-
lows: four times with 1 ml of 10% acetic acid; four times with 1
ml of 50% methanol; four times with 1 ml of methanol; four
times with 1 ml of 72% isopropyl alcohol + 28% methanol +
0.1% formic acid; four times with 1 ml of ethyl acetate; four
times with 1 ml of chloroform; two times with 1 ml of methanol;
four times with 1 ml of 50% methanol; eight times with 1 ml of
water. After loading, C-18 column was washed three times with
1 ml of 0.1% TFA to elute released O-glycans, and the sample
was lyophilized and stored at —80 °C.

Isolation of N-Glycans from Cells—CHO-K1 and 1dl-D cells
were split into 2 P-150 dishes each and cultured in regular
media until 3 days prior to reaching confluency. At this time
point, the media were supplemented with 10 mm GalNAc or 10
mM GalNGc. Three days later, cells were detached using 20 mm
EDTA in PBS and washed three times with PBS. For this pro-
tocol, 30% of cells from a confluent P-150 dish were resus-
pended in 200 ul of buffer A (20 mm HEPES, 1% SDS (pH 8.2))
and lysed by sonication. The sample was heated for 20 min at
100 °C. Once the sample cooled down to room temperature,
800 ul of buffer B (20 mm HEPES, 1.25% Nonidet P-40 (pH 8.2)),
2 ul of B-mercaptoethanol, and 20 ul peptide:N-glycosidase F
(5 milliunits; prepared as described previously (52, 53)) were
added to the sample. The sample was incubated overnight at
37°C in a head-over-head shaker followed by addition of
another 5 ul of peptide:N-glycosidase F and further incubation
for 4—5 h at 37 °C. A HyperSep Hypercarb charcoal cartridge
(25 mg, Thermo Scientific) was pre-washed successively four
times with 1 ml of acetonitrile, four times with 1 ml of 50%
acetonitrile, and eight times with 1 ml of 0.1% TFA, and a
C-18 column was pre-washed as described above under “Iso-
lation of O-Glycans.” The sample was loaded onto C-18 col-
umn, allowed to elute directly onto the charcoal cartridge,
and let pass through both columns completely. Columns were
washed two times with 1 ml of water, and the upper C-18 was
discarded thereafter. The charcoal cartridge was washed with
another 1 ml of water, and the N-glycans were eluted with two
times with 1 ml of 30% acetonitrile, two times with 1 ml of 60%
acetonitrile, and 1 ml of 100% acetonitrile. The eluates were
pooled, and acetonitrile was removed under nitrogen gas fol-
lowed by lyophilizing the sample.

Permethylation of Glycans—Permethylation was performed
based on previously described reports (54). Isolated O-glycans
or N-glycans (see above) were dried in a desiccator and resus-
pended in 300 ul of DMSO; the sample was sealed and stirred
for 45 min at RT. A slurry of 2—3 NaOH pellets in ~500 ul of
DMSO was freshly prepared using mortar and pestle and added
to each sample. After stirring for 20 -30 min at RT, the sample
was put on ice prior to addition of 250 ul of CH,I to the frozen
sample. The reaction mixture was put on a stirrer at RT for 20
min and then another 50 ul of CH,I was added following 10 min
of stirring. The reaction was terminated by careful addition of 1
ml of water to the sample on ice and stirring for 5 min. There-
after, permethylated N-/O-glycans were extracted by adding 1
ml of chloroform followed by stirring for 5 min and centrifuging
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at 2000 rpm for 5 min to separate the organic and the aqueous
phases. The chloroform layer was washed five times with 1 ml of
water to remove salts and DMSO and finally evaporated dry
with nitrogen flush. Permethylated samples were stored at
—20 °C until used.

Isolation of Gangliosides—M-21 cells were split into 2 P-150
dishes and cultivated in standard media until 3 days prior to
reaching confluency. At this point, the media were supple-
mented with a final concentration of 10 mm GalNAc or 10 mm
GalNGc (from 1 M neutral stocks in PBS (pH 7.4)). After 3 days
of incubation, cells reached confluency and were detached
using 20 mm EDTA in PBS, and the pellet was washed three
times with PBS. After addition of 20 volumes of chloroform/
methanol, 2:1, cells were mixed on ice for 30 s using the Poly-
tron at high speed. The sample was incubated on ice for 10 min
prior to mixing cells again on ice for 30 s using the Polytron at
high speed. The sample was spun for 10 min at 2000 X g, and the
organic supernatant was transferred into a clean tube. The
remaining pellet was extracted again as described above with 20
volumes of chloroform/methanol, 1:1, followed by 20 volumes
of chloroform/methanol, 1:2, and finally with 20 volumes of
chloroform/methanol/water, 10:10:1. All extracts were pooled
(pool 1). The remaining pellet was dissolved in 3 ml of 95%
ethanol, stirred at 4 °C overnight, and spun 10 min at 2000 rpm.
The supernatant was added to pool 1, and the original tube was
washed with 2 ml of chloroform/methanol, 2:1, prior to adding
it to the pellet and mixing. The tube was spun 10 min at 2000
rpm again, and the supernatant was added to pool 1 and dried
under nitrogen gas. Total lipid extracts were then resuspended
in 500 ul of potassium phosphate buffer (pH 7.5), sonicated for
10 min prior to addition of 6 units of phospholipase C (Sigma),
and incubated for 3 h at 37 °C. Thereafter, the sample was dia-
lyzed using 500 molecular weight cutoff tubing (Spectrapore,
cellulose acetate) against 4 liters of water at 4 °C overnight.
Water was changed once, and dialysis was continued for
another 10 h. Sample was recovered from tubing, lyophilized,
and dissolved in 1 ml of methanol. Sample was loaded onto a
1 ml DEAE-A25 column, which had been pre-equilibrated
three times with 1 ml of methanol. Neutral glycolipids were
eluted five times with 1 ml of methanol; monosialylgangliosides
were eluted five times with 1 ml of 10 mm ammonium acetate in
methanol, and disialylgangliosides were eluted with eluted five
times with 1 ml of 200 mM ammonium acetate in methanol. An
equal volume of water was added to each of the eluates; samples
were purified using a C-18 column as described (48), and C-18
eluates were dried down with nitrogen gas.

MALDI Analysis—Permethylated or native N-/O-glycan
samples were dried to completion before dissolving in metha-
nol (55). The glycan sample was then mixed 1:1 (v/v) with super
DHB matrix (Sigma; prepared by mixing a 1:5 molar mixture of
5-methylsalicylic acid and 2,5-dihydroxybenzoic acid in abso-
lute methanol) and spotted on a stainless steel MALDI plate.
The MALDI was run on an Applied Biosystem Q-StarXL
instrument in positive mode. The collision-induced dissocia-
tion was done using argon as collision gas. The ganglioside sam-
ples were dissolved in 2:1 chloroform/methanol and mixed with
0.5 M trihydroxyacetophenone in a 1:1 (v/v) ratio. The mass
spectral data of the ganglioside samples were acquired in both
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positive and negative ion mode. The MS/MS of selected ions
was also performed in the negative ion mode using argon as
collision gas. The complete set of data were analyzed using Data
Explorer software from Applied Biosystem and GlycoWork-
bench software (56).

RESULTS AND DISCUSSION

Mammalian Cells Are Capable of Converting Incorporated
GalNGc into Neu5Gc—In our accompanying paper (1), we
describe a metabolic pathway for degradation of Neu5Gc. We
also demonstrated that the Neu5Gc-degrading pathway is par-
tially reversible in that exogenously added GlcNGc or ManNGc
resulted in de novo biosynthesis of Neu5Gc (1). As a presumed
“negative control,” we had synthesized GalNGg, i.e. galactos-
amine carrying an N-glycolyl group. Surprisingly, we observed
that supplemented GalNGc was not only incorporated by
mammalian cells but also resulted in de novo Neu5Gc biosyn-
thesis in various cell lines. This unanticipated finding prompted
an additional study to further investigate the tolerance of mam-
malian N-acetylhexosamine pathways toward the N-glycolyl
substituent, as presented in this paper.

Human THP-I cells were kept under Neu5Gc-free condi-
tions, and the media were supplemented with either GalNGc or
perGalNGc for 3 days. In parallel, non-fed cells were kept in
culture to serve as a negative control, and Neu5Gc-loaded cells
were used as a positive control. Loaded cells were analyzed by
flow cytometry using anti-Neu5Gc IgY (1, 27). These human
cells were able to use GalNGc as a precursor for de novo bio-
synthesis of Neu5Gc. Although 100 um GalNGc in the feeding
media was not sufficient to achieve detectable levels of cell-
surface-exposed Neu5Gc, 100 uM perGalNGc resulted in a sig-
nificant shift of the signal (Fig. 1A4). Increasing the unmodified
GalNGc concentration in the medium to 10 mm also resulted in
significant synthesis of cell-surface Neu5Gc, confirming that
peracetylation significantly enhances uptake and utilization of
sugars (Fig. 14) (57). This finding was further confirmed by
analyzing acid-treated total cell lysates by DMB-HPLC, in
which Neu5Gc was chemically detected (supplemental Fig. S1).

Possible Mammalian Cellular Pathway for the Conversion of
GalNGc into Neu5Gc—Based on the well studied mammalian
pathways of N-acetylhexosamines, we propose a putative met-
abolic pathway for enzymatic conversion of GalNGc into
Neu5Gc (Fig. 2) including the following seven steps. 1) Phos-
phorylation of supplemented GalNGc by GalNAc kinase
(GALK2, EC 2.7.1.157) resulted in the formation of GalNGc-
1-P (58). 2) Subsequent conversion of GalNGc-1-P into UDP-
GalNGc potentially catalyzed by UDP-N-acetylglucosamine
pyrophosphorylase (AGX2, EC 2.7.7.23) (59); followed by
3) epimerization into UDP-GIcNGc by action of the
UDP-GIcNACc 4-epimerase (EC 5.1.3.7) (60). 4/5) Next, bifunc-
tional UDP-N-acetylglucosamine 2-epimerase/N-acylman-
nosamine kinase (GNE, EC 5.1.3.14 and EC 2.7.1.60) might cat-
alyze conversion of UDP-GIcNGc to ManNGce-6-P  via
ManNGc (61). 6) Aldol condensation of ManNGc-6-P was with
phosphoenolpyruvate, which may be catalyzed by Neu5Ac
9-phosphate synthase (EC 2.5.1.57) (62). 7) The final step would
involve dephosphorylation of Neu5Gc 9-phosphate to result in
Neu5Gc, potentially catalyzed by Neu5Ac 9-phosphate phos-
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FIGURE 1. Mammalian cells can incorporate GalNGc from the medium, convert it into Neu5Gc, and express it on the cell surface. A, human THP-I cells
were cultivated under Neu5Gc-free conditions using 5% human serum. Thereafter, the growth medium was supplemented with either 5 mm Neu5Gc (positive
control; shaded dark gray), 100 um GalNGc (light blue line), 10 mm GalNGc (magenta line), or 100 um per-O-acetylated GalNGc (perGalNGg, dark blue line). In
parallel, cells were kept in culture without supplementation (negative control; black line). After 3 days, cells were harvested and analyzed by flow cytometry
using polyclonal chicken anti-Neu5Gc IgY (27) for sensitive detection of cell-surface glycosidically bound Neu5Gc. As an additional negative control, cells fed
5 mm Neu5Gc were also stained with control chicken IgY antibody (control IgY; shaded light gray) to verify the absence of Neu5Gc on human THP-| cells. Also,
EMeg32™/~ (B)and EMeg32 /" cells (C) were analyzed for their ability to convert supplemented GalNGc into Neu5Gc and subsequently express Neu5Gc on the

cell-surface by flow cytometry.

phatase (EC 3.1.3.29) (63). A recent publication revealed that
metabolic cross-talk allowed exploitation of the GalNAc sal-
vage pathway to tag and identify O-GIlcNAcylated proteins (64).
This study clearly demonstrated that synthetic GalNAz (N-
azidoacetylgalactosamine) is converted into UDP-GalNAz, fol-
lowed by epimerization to UDP-GIcNAz (64). Given the similar
size of GalNAz and GalNGc, these data suggested that the
N-glycolyl group might be tolerated as well by the first three
steps of the predicted pathway from GalNGc toward Neu5Gc.
To further study this putative pathway, we next analyzed
Emeg32~’~ mouse embryonic fibroblasts, which lack the glu-
cosamine-6-phosphate acetyltransferase (emeg32) activity (5,
43). Because of a markedly reduced UDP-GIcNAc pool, the sug-
gested pathway for conversion of GalNGc into Neu5Gc might
be affected as well. EMeg32 "/~ cells, which were found to have
normal UDP-GIcNAc levels, and mutant EMeg32 ™~/ cells were
cultured under Neu5Gc-free conditions using human serum,
and the medium was supplemented with GalNGc or per-
GalNGc for 3 days. Loaded cells were analyzed by flow cytom-
etry using anti-Neu5Gc IgY as described above (1, 27). Despite
the presence of an intact Cmah gene in murine cells, Cmah
expression and base-line endogenous Neu5Gc levels were
found to be negligible, as demonstrated by the overlying flow
cytometry signals of non-fed cells with the negative control
cells (control IgY-stained Neu5Gc-fed cells, see Fig. 1, Band C).
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In contrast, supplementation with 100 um perGalNGc (Fig. 1, B
and C, dark blue line) or 10 mm GalNGc (magenta line) resulted
in a significant shift of the signal in both EMeg™’'~ and
EMeg / cells, into the range of the positive control (5 mm
Neu5Gc). Interestingly, as little as 100 um GalNGc (turquoise
line) was sufficient to achieve Neu5Gc de novo biosynthesis in
EMeg /= cells (Fig. 1C), whereas EMeg32"/~ cells did not
reveal detectable amounts of newly synthesized Neu5Gc under
these conditions (Fig. 1B). The differences between these two
cell lines suggest that the pathway of conversion from GalNGc
to Neu5Gc is affected by endogenous UDP-GlcNAc levels. This
result further confirms that in addition to human THP-I cells,
mouse cells are also capable of incorporating GaINGc and con-
verting it into Neu5Gc. A potentially valuable cell line to further
investigate the putative pathway would be CHO-K1-derived
mutant cell line Idl-D (47, 65), which is deficient in
UDP-GIcNAc 4-epimerase activity (step 3 of the predicted
pathway, Fig. 2), and therefore should not be able to convert
GalNGc into Neu5Gc. Unfortunately, these hamster cells were
found to already have high endogenous Neu5Gc levels due to
CMAH expression, as the non-fed cells and the positive control
(5 mMm Neu5Gc) have almost comparable levels of Neu5Gc
(supplemental Fig. S2).

Conversion of GalNGc into Neu5Gc Is GNE-dependent—An-
other key enzyme of the predicted pathway would be the

JOURNAL OF BIOLOGICAL CHEMISTRY 28903

2102 ‘2T 1snbny uo ‘gason ‘Areiqiq resipawolg 1e 610°9gl-mmm woly papeojumoq


http://www.jbc.org/cgi/content/full/M112.363499/DC1
http://www.jbc.org/

Mammalian Pathways for N-Glycolylhexosamines

OH_oH OH_OH o)
(o} 1 o
HO&N\OH —.Hoggmoposz-
NH NH NH
o= o=~ o=
HO

HO HO

OH_oH
&Eisxmouop

0o
HN)L\/OH HNJ\/OH 4

«—  HO

H H fo) NH
ﬂ OPOz% ﬂo OH o
»
6
OHoH

2- O3PO\/‘WHCOZH HO/\\[WHCOZH
©

FIGURE 2. Conceivable mechanism for conversion of GalNGc into Neu5Gc. Based on the well studied mammalian pathways of N-acetylhexosamines, the
depicted metabolic pathway for successive enzymatic conversion of GalNGc into Neu5Gg, including the following 7 steps, is proposed: 1) phosphorylation of
supplemented GalNGc by GalNAc kinase (GALK2, EC 2.7.1.157) resulting in the formation of GalNAc-1-P (58); 2) subsequent conversion of GalINAc-1-P into
UDP-GalNAc potentially catalyzed by UDP-N-acetylglucosamine pyrophosphorylase (AGX2, EC 2.7.7.23, (59)) followed by 3) epimerization into UDP-GIcNAc by
action of the UDP-GIcNAc 4-epimerase (EC 5.1.3.7, (60)). 4/5) Next, bifunctional UDP-N-acetylglucosamine 2-epimerase/N-acylmannosamine kinase (GNE, EC
5.1.3.14 and EC 2.7.1.60) would catalyze conversion of UDP-GIcNAc to ManNGc-6-P via ManNGc (61). 6) Aldol condensation of ManNGc-6-P with phospho-

enolpyruvate, which might be catalyzed by Neu5Ac 9-phosphate synthase (EC 2.5.1.57 (62)).

7) Final step would involve dephosphorylation of Neu5Gc

9-phosphate to result Neu5Gc, potentially catalyzed by Neu5Ac 9-phosphate phosphatase (EC 3.1.3.29 (63)).

bifunctional GNE (UDP-GIcNAc 2-epimerase/ManNAc
kinase; steps 4/5, Fig. 2) that acts in an irreversible manner.
Therefore, we predicted that human B-cell lymphoma cell line
BJAB-K20, which is devoid of UDP-GIcNAc 2'-epimerase
activity (46) and lacks endogenous Neu5Gc, would be a valuable
tool to study the predicted pathway. In parallel to the mutant
BJAB-K20 cells, hypersialylated BJAB-K88 cells were also
grown under Neu5Gc-free conditions to serve as a positive con-
trol. The media were supplemented with GalNGc, perGalNGc,
or Neu5Gc for 3 days, and loaded cells were analyzed for cell-
surface Neu5Gc by flow cytometry using anti-Neu5Gce IgY as
described above. Control BJAB-K88 cells were found to synthe-
size cell-surface Neu5Gc after incubation with either 100 um
perGalNGc or 10 mm GalNGc (Fig. 3A), whereas no significant
amount of Neu5Gc was detectable in the GNE-deficient BJAB-
K20 cells (Fig. 3B). This result was confirmed by direct DMB-
HPLC analysis of sialic acids (supplemental Fig. S1). Thus, con-
version of exogenously supplied GalNGc to cell-surface
Neu5Gc is GNE-dependent, which renders the predicted path-
way very likely.

UDP-GalNGc and UDP-GIcNGc Are Formed in Cells—
further substantiate the putative pathway, we next analyzed the
occurrence of cytosolic UDP-GalNGc and UDP-GIcNGc (steps
2 and 3 of the predicted pathway, Fig. 2). Therefore, a method
was developed to separate cytosolic UDP-sugars by HPLC using
a PA-1 column under alkaline conditions (supplemental Fig.
S3). As standards, UDP-GalNAc, UDP-GlcNAc, UDP-GalNGec,
and UDP-GIcNGc separated well under these conditions (Fig.
4A). To track the formation of UDP-sugars, the culture media
of BJAB cells were supplemented with [*H]GalNGc or [*H]Gal-
NAc for 3 days. Harvested cells were lysed followed by protein
precipitation, and the supernatants were analyzed by HPLC.
Although UDP-sugars in the crude cell lysate did not separate
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as distinctly as the pure standards (Fig. 4), there were strikingly
different elution patterns in cells incubated in the presence of
[PH]GalNGc or [PH]GalNAc for the two subclones of BJA-B
cells. The majority of recovered counts from [*H]GalNGc-fed
cells co-eluted with UDP-GalNGc/UDP-GlcNGce standards,
whereas the majority of counts aligned with UDP-GalNAc/
UDP-GIcNAc in samples from cells incubated in the presence
of [’H]GalNAc (Fig. 4B). This finding showed that human cells
are capable of incorporating GaINGc and converting it into
UDP-GalNGc as well as UDP-GIcNGc. This observation is con-
sistent with separate observations made in the preceding
accompanying papers, wherein we showed that GlcNGc is a
metabolite of the Neu5Gc-degrading pathway (1) and that
exogenously added GlcNGc can be activated to UDP-GIcNGce
and UDP-GalNGc to serve as a substrate to O-GlcNAc trans-
ferase (5).

Cells Incorporate UDP-GalNGc into GAGs—W'e next asked
if GaINGc could be incorporated into various cellular glycocon-
jugates by supplementing the media of wild type CHO-K1 and
1dl-D cells with [*H]GalNGc and control [*H]GalNAc. 1dl-D
cells are deficient in UDP-GIcNAc 4-epimerase activity, and
therefore, they should only synthesize [PH]JUDP-GalNGc but
not [*PHJUDP-GIcNGc from [*H]GalNGc, whereas wild type
CHO-K1 cells can potentially synthesize both activated sugars.
As only chondroitin sulfate (CS) and dermatan sulfate (DS)
polymers contain GalNAc residues among GAGs, only 1dl-D
cells should incorporate radioactivity into CS/DS, whereas wild
type CHO-K1 cells might incorporate counts into both CS/DS
and HS. Wild type CHO-K1 and mutant 1dl-D cells were there-
fore cultivated under Neu5Gc-free conditions, and the culture
medium was supplemented with [?’H]GalNGc or [*H]GalNAc
for 3 days. Thereafter, cells were harvested and lysed, and GAGs
were purified using DEAE-Sepharose chromatography after
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FIGURE 3. Conversion from GalNGc into Neu5Gc is GNE-dependent.
Human BJA-B K20 (A, GNE-deficient) and BJA-B K88 (B, hypersialylated) cells
were cultivated under Neu5Gc-free conditions. Thereafter, the feeding media
were supplemented with either 5 mm Neu5Gc (positive control; shaded dark
gray), 100 um GalNGc (light blue line), 10 mm GalNGc (magenta line), or 100 um
peracetylated GalNGc (perGalNGc, dark blue line). In parallel, cells were keptin
culture without feeding (negative control; black line). After 3 days, cells were
harvested and analyzed by flow cytometry using anti-Neu5Gc IgY for detec-
tion of cell-surface glycosidically bound Neu5Gc. As an additional negative
control, cells fed 5 mm Neu5Gc were also stained with control IgY antibody
(shaded light gray) to verify the absence of Neu5Gc on these human cells.

proteolysis (48). Desalted GAGs were then treated with chon-
droitinase ABC to specifically depolymerize CS/DS into disac-
charides, which were analyzed by gel filtration and scintillation
counting. Both wild type CHO-K1 and Idl-D cells appeared to
incorporate the radiolabeled substrates into GAGs as seen by
the radioactivity eluting at a relative elution time of ~0.5-0.8
(black symbols and line) for samples that were not treated with
chondroitinase ABC (Fig. 5). Treatment of samples from 1dl-D
cells with chondroitinase ABC caused a significant shift of
counts eluted at a relative elution time of ~0.9, where disaccha-
rides elute (gray symbols and line; Fig. 5, A and B). This finding
indicates that all radioactivity of this sample was incorporated
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FIGURE 4. Mammalian cells incorporate exogenous GalNGc into UDP-
GalNGc and convert it to UDP-GIcNGc. A, UDP-GalNAc, UDP-GIcNAc, UDP-
GalNGc, and UDP-GIcNGc were analyzed by HPLC under alkaline conditions
using a PA-1 column with an optimized gradient (supplemental Fig. S3).
B, human BJA-B K20 (GNE-deficient) and BJA-B K88 (hypersialylated) cells
were cultured under Neu5Gc-free conditions. The media were supplemented
with [*H]1GaINGc or [*H]GalNAc for 3 days. Cells were harvested, washed well,
lysed, and subjected to 70% ethanol followed by precipitation at —20 °Cover-
night. The supernatants were analyzed by HPLC as described in A. Fractions
(0.5 ml) were collected, and radioactivity was determined by scintillation
counting.

into CS/DS, likely in the form of GalNAc or GaINGc. About
90% of the radioactivity from wild type CHO-KI1 cells labeled
with [®H]GalNGc was sensitive to chondroitinase ABC treat-
ment (relative elution time = 0.9), whereas a portion eluted as
intact chains (relative elution time = 0.6—0.7) (gray symbols
and line; Fig. 5, C and D). When cells were labeled with [*H]-
GalNAg, a large portion of material was resistant to chondroiti-
nase ABC, consistent with its identification as heparan sulfate.
These findings suggest that some [*H]GalGc was incorporated
into heparan sulfate, which we confirmed by mass spectrome-
try (see below).

Exogenous GalNAc Derivatives Incorporate into Cellular
Chondproitin Sulfate and Dermatan Sulfate Polymers—To fur-
ther substantiate our finding that exogenously added GalNGc is
incorporated into cellular CS/DS, samples were analyzed by
mass spectrometry. Wild type CHO-K1 and 1dl-D cells were
cultured for 3 days in the presence of either 10 mm GalNAc or
10 mMm GalNGc. No significant growth difference of the cell
lines was observed in the presence of these compounds com-
pared with non-fed cells (data not shown). GAGs of cultures
supplemented with GalNGc and control cultures incubated
with GalNAc were isolated and depolymerized by chondroitin-
ase ABC, and released disaccharides were analyzed by glycan
reductive isotope labeling-liquid chromatography mass spec-
trometry (GRIL-LC/MS) (49). To identify the resulting disac-
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FIGURE 5. Mammalian cells incorporate exogenous GalNGc into GAGs. Wild type CHO-K1 and IdI-D cells were cultured in Neu5Gc-free medium. The media
were then supplemented with [*H]GalNGc or [’H]GalNAc for the last 3 days before cells reached confluence. GAGs were isolated by DEAE chromatography and
treated with chondroitinase ABC (gray symbols and line) or buffer (black symbols and line). The disaccharides were separated from the intact chains by CL-6B gel
filtration chromatography. Relative elution times of all samples were calculated by setting the elution time of phenol red to 1.

charide residues, differentially stable isotope-labeled internal
standards of N-acetylated species were added to each sample,
and peaks were assigned based on co-elution (49). In samples
from wild type CHO-K1 cells cultured in the presence of
GalNAc, three primary disaccharides were observed, which all
harbor an N-acetyl group and differ only in the presence and/or
location of sulfate groups (Fig. 6A). In contrast, CS/DS disac-
charides derived from GalNGc-fed cells give rise to two
additional disaccharides with 71/z values consistent with AUA-
GalNGc (D0q0) and AUA-GaINGc4S (D0g4). Further struc-
tural analysis of the most predominant species was carried out
by tandem mass spectrometry. The product ions derived from
fragmentation of DOq4 (Fig. 6D) were most similar to the prod-
uct ions of AGalNAc4S (D0a4, Fig. 6C), suggesting that it is
structurally similar, consistent with its assignment as DOq4 and
not another isobaric species. Both spectra show a product ion
with identical m/z value consistent with the B, ion from the
nonreducing end (Fig. 6, C and D, see insets). All of the remain-
ing product ions found in D0Oa4 have corresponding product
ions in D0q4 that differ by 16 mass units as expected for species
that differ only in the substitution of an N-glycolyl group for an
N-acetyl group. Compared with wild type CHO-K1 samples,
CS/DS disaccharides from control GalNAc-fed 1dl-D cells
revealed a similar extracted ion current chromatograph (Fig. 6,
A and E). In contrast, 1dl-D cells fed GaNGc should not com-
pose any GalNAc-containing CS/DS disaccharides due to the
lack of UDP-GIcNAc 4-epimerase activity. As expected, the two
CS/DS disaccharides harboring an N-glycolyl group, which
were detected in small amounts in samples from wild type cells
fed GalNGc (Fig. 6B), became the predominant species found in
CS/DS disaccharides from the corresponding 1dl-D cell sample
(Fig. 6F). As the cell lines were cultured in the presence of 5%
human serum at all times, low levels of GalNAc-containing

28906 JOURNAL OF BIOLOGICAL CHEMISTRY

CS/DS disaccharides may result from incorporation of
GalNAc-containing serum components. Together, these find-
ings show for the first time that exogenously added GalNAc
derivatives can be successfully used to incorporate into cellular
GAGs via the GalNAc-salvage pathway. Significant incorpora-
tion of exogenous GalNGc into cellular CS/DS was even
observed in wild-type cells despite competition with UDP-
GalNAc derived from the metabolic flux of the cellular
UDP-GIcNAc pool (Fig. 6A4).

Exogenous GalNGc Incorporates as GIcNGce into Cellular
Heparan Sulfate Polymers—As described above, only a subfrac-
tion of radiolabeled GAGs isolated from CHO-KI cells fed
[*H]GalNGc or control [*H]GalNAc was susceptible to chon-
droitinase ABC treatment, suggesting that the chondroitinase-
resistant radioactivity had been incorporated into GAGs other
then CS/DS (i.e. as [*’H]GIcNGc or [*H]GlcNAc into heparan
sulfate). To verify this conclusion, GAGs were isolated from
wild type CHO and 1dl-D cells fed either 10 mm GalNAc or
GalNGc as described above. Purified GAGs were incubated
with heparin lyases to specifically depolymerize heparan sulfate
(HS) polymers followed by mass spectrometry analysis to deter-
mine the structure of the resulting HS disaccharides. Compo-
sitional analysis by GRIL-LC/MS was performed using differ-
entially stable isotope-labeled standards of the N-acetylated
species as internal standards. Three HS disaccharides from wild
type cells supplemented with 10 mm GalNAc were detected
which differed only in the presence and/or positioning of sul-
fate groups (Fig. 7A). Interestingly, HS disaccharides from wild
type cells supplemented with GalNGc contained two additional
species, suggesting that UDP-GIcNGc had been synthesized
from exogenous GalNGc and was incorporated into cellular
HS. The identity of all peaks was confirmed by tandem mass
spectrometry using CID as described above. The fragmentation
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FIGURE 6. Disaccharide analysis of chondroitin sulfate extracted from wild type and mutant CHO cells after feeding GalNGc or GalNAc. Wild type
CHO-K1 and IdI-D cells were kept under Neu5Gce-free conditions and supplemented with 10 mm GalNGc or 10 mm GalNAc for the last 3 days before cells reach
confluence. GAGs were purified from the culture media using DEAE chromatography, and chondroitin sulfate was enzymatically depolymerized and subjected
to compositional disaccharide analysis by LC/MS. The extracted ion current for internal disaccharide containing both GaINGc and GalNAc is shown for each cell
line and feeding condition. The disaccharide structure code was adapted to include lowercase q to designate N-glycolyl with the rest of the code left as
described (50). Peak assignments for N-acetylated species were made based on co-elution and mass analysis of differentially stable isotope-labeled standards
added to each sample. A, extracted ion current chromatograph for CHO-K1 cells fed GalNAc. B, extracted ion current chromatograph for wild type CHO-K1 cells
fed GalNGc. The peak marked with an asterisk is isobaric with DOg4. C and D, tandem mass spectra of D0a4 and D0g4 in chondroitin sulfate from GalNGc-fed
CHO cells. The daughter ion profiles of both DOa4 in GalNAc fed IdI-D cells (C) and the putative DOg4 detected in GalNGc fed IdI-D cells (D) were compared. The
overall CID spectrum of the putative DOg4 ion is most similar to that of DOa4 (49). Both spectra show a product ion with identical m/z value consistent with the
B, ion from the nonreducing end (see insets). All of the remaining product ions found in D0a4 have corresponding product ions in DOg4 that differ by 16 mass
units expected for species that differ only in the substitution of an N-glycolyl group for an N-acetyl group. E, extracted ion current chromatograph for IdI-D cells
fed GalNAc. F, extracted ion current chromatograph for IdI-D cells fed GalNGc. The peak marked with an asterisk is isobaric with D0g4.
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pattern is shown for the two major species harboring either an
N-acetyl group (DOAO, Fig. 7C) or an N-glycolyl group (D0QO,
Fig. 7D). The CID profiles suggest that the peaks labeled DOAO
and DOQO differ only in the presence of an N-acetyl group or
N-glycolyl group, respectively. Both tandem mass spectra
reveal three product ions with identical m/z values, which are
consistent with the B,, C,, and A, ions from the nonreducing
end (Fig. 7, Cand D, see insets). For all other product ions found
in DOAO, the corresponding product ions are found in DOQO
that differ by 16 mass units as expected for disaccharides that
differ only in the substitution of an N-glycolyl group for an
N-acetyl group.

HS samples from ldl-D cells were expected to contain
GlcNAc-containing structures exclusively, because of their
inability to epimerize UDP-GalNAc to UDP-GIcNAc. As
expected, similar extracted ion current chromatographs were
observed for 1dl-D cells supplemented with GalNAc or
GalNGc, and only GlcNAc-containing HS-disaccharides were
detected (Fig. 7, E and F).

Taken together, we show for the first time that exogenously
added GalNGc can be successfully incorporated into cellular
GAGs via the GalNAc-salvage pathway, not only as GaINGc but
also as GlcNGc. Remarkably, a quite significant amount of
GlcNGc was detected in HS of wild type CHO-K1 cells after
feeding GalNGc (Fig. 7A). This finding means that UDP-
GIcNGc resulting from the GalNAc salvage pathway consti-
tutes a significant portion of the central cellular UDP-GIcNAc
pool and can be utilized efficiently by the downstream enzymes
involved in GAG polymerization. This finding is in line with our
earlier observation that exogenously added GalNGc even
results in de novo Neu5Gc biosynthesis (Fig. 1), which critically
depends on the cellular UDP-GIcNAc pool (Fig. 2). Thus, the
UDP-GIcNGc levels must be significant as well.

Exogenously Added GalNGc Incorporates into Cellular
Gangliosides—Gangliosides represent another major class of
cellular glycan structures, which may include GalNAc residues.
Gangliosides of human myeloma cell line M-21 have been well
characterized in the past (44) to include GalNAc-containing
gangliosides. Thus, this cell line was chosen to investigate if
cells incorporate exogenously provided GalNGc into ganglio-
sides. M-21 cells were cultured for 3 days in the presence of 10
mMm GalNAc or 10 mm GalNGc followed by purification of cel-
lular gangliosides as described under “Experimental Proce-
dures.” Isolated gangliosides from loaded M-21 cells were than
analyzed by MALDI. The resulting MALDI spectra from gan-
gliosides varied significantly between GalNAc-fed cells and
GalNGc-fed cells. The predominant ion detected for GalNAc-
fed cells (m/z 1354.98, Fig. 8A) most likely corresponds to GM2
as shown by MS/MS fragmentation analysis (Fig. 8B). By con-
trast, the major ion found among purified gangliosides from
GalNGc-fed M-21 cells (m/z 1370.96, Fig. 8C) differs by +16
mass units, which would be expected for species that differ only
in the substitution of an N-glycolyl group for an N-acetyl group.
MS/MS fragmentation analysis of these two ions clearly shows
that major fragment ions harboring a GaINAc residue for the
m/z 1354.98 species (m/z 202.15 or m/z 1083.89; Fig. 8B) are
shifted by +16 mass units for the m/z 1370.96 ion (m/z 218.15
or m/z 1079.84; Fig. 8D). MS/MS fragmentation patterns of the
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two structures are similar, suggesting a putative 536 atomic
mass units ceramide backbone (supplemental Fig. S4).
Together, these findings show for the first time that exoge-
nously supplemented GalNGc may incorporate into cellular
gangliosides as shown here for GM2 of M-21 cells.

Exogenously Added GalNGc Incorporates into Cellular
O-Glycans but Not N-Glycans— After demonstrating that exog-
enously added GalNGc serves as a precursor for UDP-GalNGc
and UDP-GIcNGc and incorporates in significant amounts into
cellular GAG polymers, we next asked whether the unnatural
UDP-sugars are also incorporated into other glycan structures.
Mammalian N-glycans are characterized by two GIcNAc resi-
dues in the core and may be modified further with branched
GlcNAc and, to a lesser extent, also outer GalNAc residues. To
investigate whether cells would synthesize GIcNGc-containing
N-glycans after supplementing the culture media with GalNGe,
N-glycans were released by peptide:N-glycosidase F from
CHO-K1 and 1dl-D cells fed with 10 mm GalNAc or 10 mm
GalNGc as described above. Released N-glycans were purified
from cell lysates, permethylated, and analyzed by MALDI-
qTOF mass spectrometer. Detectable N-glycan structures
revealed known CHO cell N-glycans (66), and no significant
differences were observed between GalNGc-fed cells and con-
trol GalNAc-fed cells (data not shown). Thus, in contrast to
GAG and ganglioside biosynthesis, glycosyltransferases
involved in N-glycan assembly have a more narrow substrate
specificity and cannot easily accommodate the N-glycolyl moi-
ety on HexNGc.

We next investigated if exogenous GalNGc serves as a pre-
cursor for cellular O-glycan biosynthesis. The major class of
mammalian O-glycans contains a core GalNAc residue, which
is attached to the underlying protein structure and may include
additional GaINAc as well as GIcNAc residues. O-Glycans were
released by alkaline borohydride treatment from CHO-K1 and
1dl-D cells fed with 10 mMm GalNGc or 10 mm GalNAc as
described above. Released O-glycans were purified via a
Dowex-50 column, followed by removal of borates and a C-18
column. Isolated O-glycans were permethylated and analyzed
by MALDI-qTOF mass spectrometer as described under
“Experimental Procedures.” Wild-type CHO cells are known to
synthesize a simple set of core 1 based structures, which are
mono- or disialylated with Neu5Ac (66). However, culturing
CHO cells in the presence of 10 mm GalNAc or GalNGc signif-
icantly altered O-glycan biosynthesis, and the resulting mass
spectra of CHO-cell O-glycans were more complex. This will
require future analyses, which is beyond the scope of this study.
Here, we demonstrate incorporation of GalNGc into O-gly-
cans, showing the example of the known tetrasaccharide
structure GalNAc,Gal,Neu5Ac, (m/z 1256.73) (66), which
was detected in wild type CHO-K1 cells (data not shown) as
well as in 1dl-D cells (Fig. 94) cultured in the presence of 10
mM GalNAc. Tandem mass fragmentation analysis of
this ion confirmed the predicted disialylated species
GalNAc,Gal,Neu5Ac, (Fig. 9B). Interestingly, 1dl-D cells cul-
tured in the presence of GalNGc revealed an additional peak
appearing at m/z 1286.75, which is +30 mass units more than
the previously described m/z 1256.73 structure (Fig. 9C). All
structures assigned represent sodium adducts of the glycans.
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FIGURE 7. Disaccharide analysis of heparan sulfate extracted from wild type and mutant CHO cells after feeding GalNGc or GalNAc. Wild type CHO-K1
and IdI-D cells were kept under Neu5Gc-free conditions and supplemented with 10 mm GalNGc or 10 mm GalNAc for the last 3 days before cells reach
confluence. Heparan sulfate from the medium of both wild type CHO-K1 and IdI-D cells was enzymatically depolymerized and subjected to compositional
disaccharide analysis by GRIL-LC/MS. The extracted ion current for internal disaccharide containing both GalNGc and GalNAc is shown for each cell line and
feeding condition. Peak assignments for N-acetylated species were made based on co-elution with differentially stable isotope-labeled standards added to
each sample. A, extracted ion current chromatograph for wild type CHO-K1 cells fed GalNAc. B, extracted ion current chromatograph for wild type CHO-K1 cells
fed GalNGc. C and D, tandem mass spectra of DOAO and DOQO in heparan sulfate from GalNGc fed CHO cells. The daughter ion profiles of both the DOAQ in
GalNAcfed CHO-K1 cells (C) and the putative DOQO detected in GaINGc fed CHO-K1 cells (D) were compared. The overall CID spectrum of the putative DOQO ion
is most similar to that of DOAO, suggesting that it is structurally similar and consistent with its assignment as DOQO and not another isobaric species. Both
spectra show three product ions with identical m/z values consistent with the B,, C;, and ?A, ions from the nonreducing end (see insets). All of the remaining
product ions found in DOAO have corresponding product ions in DOQO that differ by 16 mass units expected for species that differ only in the substitution of
an N-glycolyl group for an N-acetyl group. E, extracted ion current chromatograph for Idl-D cells fed GalNAc. F, extracted ion current chromatograph for IdI-D
cells fed GalNGc. Species marked in CID spectra with single and double asterisks are corresponding undefined daughter ions that differ by 16 amu.
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FIGURE 8. Exogenous GalNGc is incorporated into cellular gangliosides. Human melanoma cell line M-21 was cultured under Neu5Gc-free conditions. The
media were supplemented with 10 mm GalNGc or 10 mm GalNAc for 3 days. Gangliosides were isolated from cell lysates and analyzed by MALDI. The common
monosaccharide code (69) was extended by a red square representing N-glycolylhexosamine (HexNGc). A, MALDI spectrum of gangliosides isolated from
GalNAc-fed M-21 cells (m/z 1000-2000). B, MS/MS fragmentation pattern of m/z 1354.98 ion from GalNAc-fed IdI-D cells. C, MALDI spectrum of gangliosides
isolated from GalNGc-fed M-21 cells (m/z 1000-2000). D, MS/MS fragmentation pattern of m/z 1370.96 ion of gangliosides isolated from GaINGc-fed M-21 cells.
Critical MS/MS fragment ions indicating the presence of HexNGc residues are highlighted with arrows.

For permethylated O-glycans, a 30-mass unit difference would
be expected for species that differ only in the substitution of an
N-glycolyl group for an N-acetyl group. Besides the exchange of
a core GalNAc by GalNGec, this may also reflect substitution of
Neu5Gc for Neu5Ac in this disialylated tetrasaccharide. How-
ever, MS/MS fragmentation analysis clearly shows that major
fragment ions harboring a GalNAc residue (but no sialic acid)
for the parent ion with m/z 1256.73 species (m1/z 284.18 or m/z
506.31; Fig. 9B) are shifted by +30 mass units for the parent ion
with /2 1286.75 ion (m/z 314.18 or m/z 536.32; Fig. 9D). These
data clearly indicate that GaNGc was incorporated as the core
residue into CHO cell O-glycans. Furthermore, MS/MS analy-
sis m/z1256.73 ion from GalNAc-fed cells revealed a significant
B1-type ion for terminal Neu5Ac (m/z 398.23; Fig. 9B), but no
corresponding structure with terminal Neu5Gc was detectable
ata +30 mass, which is in line with previous reports (66). How-
ever, MS/MS fragmentation analysis of the m/z 1286.75 ion
from GalNGc-fed cells reveals a significant signal for terminal
Neu5Gce (m/z 428.24) besides NeubAc (m/z 398.23), which
indicates that only in GaINGc-fed cells is Neu5Gc incorporated
into O-glycans at detectable levels (Fig. 9). This is in line with
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our previous finding showing that cells can also convert
GalNGc into Neu5Gce (Fig. 1), which might result in an
increased intracellular pool of Neu5Gc and subsequent incor-
poration of this sialic acid into O-glycans. The second known
O-glycan structure of CHO cells is GalNAc, Gal,Neu5Ac, (m/z
895.0) (66). In GalNAc-fed 1dl-D cells, this ion is observed (n1/z
895.53), and the MS/MS fragmentation analysis suggests a
linear structure and no unambiguous fragment ions point to
a mix with a branched structure as reported for CHO Pro5
cells (Fig. 10, A and B). In contrast to published reports, we
also identified another ion at +30 mass difference (71/z 925.55,
Fig. 10A) at similar intensity, which corresponds to a
GalNAc, Gal;Neu5Gc;, ion as confirmed by MS/MS fragmen-
tation analysis (supplemental Fig. S5). Interestingly, both ions
are also present in the GalNGc-fed 1dl-D cell, but the ratio
between the two structures is significantly altered with m/z
925.55 being the predominant ion. In contrast to GalNAc-fed
1dI-D cells, MS/MS fragmentation analysis clearly indicates that
m/z 925.55 ion for GalNGc-fed 1dl-D cells also included
GalNGc,Gal;Neu5Ac, (critical fragment ions, m/z 550.33
and m/z 398.20; Fig. 10D). Interestingly, GaINGc-fed 1d1-D cells
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FIGURE 9. Mammalian cells incorporate exogenous GalNGc into O-glycans 1. CHO IdI-D cells were kept under Neu5Gc-free culture conditions. The media
were supplemented with 10 mm GalNGc or 10 mm GalNAc for the last 3 days before cells reached confluence. Thereafter, cells were harvested with 20 mm EDTA
in PBS, pelleted, and washed well. O-Glycans were released from cell lysates by alkaline borohydrate treatment, and purified O-glycans were permethylated and
analyzed by MALDI. N-Glycolylhexosamine (HexNGc) residues are depicted as red squares in addition to the common monosaccharide code (69). A, zoom into
MALDI spectrum of O-glycans isolated from GalNAc-fed IdI-D cells (m/z 1230 —1300). Peak assignment was based on earlier reports on CHO cell O-glycans (66)
and reassured by MS/MS fragmentation analysis. B, fragmentation pattern of m/z 1256.73 ion from GalNAc-fed IdI-D cells. C, zoom into MALDI spectrum of
O-glycans isolated from GalNGc-fed IdI-D cells (m/z 1230-1300). D, MS/MS fragmentation pattern of m/z 1286.75 ion from GalNGc-fed IdI-D cells. The asterisk
represents the assumed prevalent structure based on the nature of the fragment ions. Most relevant differences in the MS/MS fragment ions are marked with

an arrows.

seem to have branched rather than linear GalNGc, Gal,Neu5Ac,
O-glycan structures, whereas the Neu5Gc-containing
GalNAc,Gal,Neu5Gc; ion appears to be predominantly
branched for both GalNAc- and GalNGc-fed cells (Fig. 10, B
and D, and supplemental Fig. S5). Additional novel O-glycan
structures were detected in cells cultured in the presence of
GalNAc or GalNGc, which were absent in all non-fed CHO
cells. For example, significant amounts of m/z 779.47 ion were
detected in GalNAc-fed 1dl-D cells (Fig. 114) and at signifi-
cantly lower intensity also in GalNAc-fed CHO-K1 cells (data
not shown). This m/z 779.47 ion was found to correspond to
GalNAc, Gal,HexNAc, by MS/MS fragmentation analysis (Fig.
11B). In contrast, GaINGc-fed 1dI-D cells included a +30 mass
units ion (m/z 809.49) instead, which corresponds to
GalNAc,Gal;HexNGc, as shown by MS/MS fragmentation
analysis (Fig. 11C). The fragment ion pattern indicates that
HexNGc is exclusively found as the nonreducing terminal res-
idue but not as the core GalNGc residue (Fig. 11D). Non-fed
1d1-D cells should per se be devoid of O-glycans due to the lack

AUGUST 17,2012+VOLUME 287+-NUMBER 34

of endogenously biosynthesized GalNAc. However, cells were
cultured in the presence of 5% human serum at all times, which
represents a source of GalNAc and may likely explain the pres-
ence of GalNAc-containing O-glycan structures (Figs. 9-11)
and GAGs (Figs. 6 and 7) found in GalNGc-fed 1dl-D cells.
Together, our analysis of CHO cell O-glycans by mass spec-
trometry strongly suggests that GaINGc can serve as the core
GalNGc residue for the two known O-glycan structures and
furthermore maybe incorporated as the terminal HexNGc residue
onto novel O-glycan structures such as GalNAc, Gal, HexNGc, (Fig.
11). Future studies will reveal the impact of media supple-
mented GalNAc derivatives onto the overall complexity of
O-glycan structural diversity in cells. After this study was final-
ized, another research group showed predominantly by lectin
binding analyses that various artificial GaINAc derivatives,
including GaINGc, seem to incorporate into O-glycans via the
GalNAc salvage pathway (36, 37).

Conclusion and Future Perspectives—In this study, we dem-
onstrate that mammalian cells are able to take up exogenous
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FIGURE 10. Mammalian cells incorporate exogenous GalNGc into O-glycans 2. O-Glycans from CHO IdI-D cells were isolated and analyzed by MALDI as
described in the legend of Fig. 9. The common monosaccharide code (69) was extended by a red square representing N-glycolylhexosamine (HexNGc). A, zoom
into MALDI spectrum of O-glycans isolated from GalNAc-fed IdI-D cells (m/z850-935). Peak assignment was based on earlier reports on CHO cell O-glycans (66)
and reconfirmed by MS/MS fragmentation analysis. B, fragmentation pattern of m/z 895.53 ion from GalNAc-fed IdI-D cells. C, zoom into MALDI spectrum of
O-glycans isolated from GalNGc-fed IdI-D cells (m/z 850-935). D, MS/MS fragmentation pattern of m/z 925.55 ion from GalNGc-fed IdI-D cells. MS/MS fragment
ions clearly associated with the presence of HexNGc are marked with an arrow.

GalNGc to enter the GalNAc salvage pathway. Here, we show
for the first time that exogenously added GalNGc can be incor-
porated into cellular GAGs. After feeding CHO cells with
[*H]GalNGc, we isolated radiolabeled GAGs, which proved to
be partially sensitive toward chondroitinase ABC (Fig. 5). Addi-
tional structural analysis by mass spectrometry confirmed that
significant amounts of GaNGc were incorporated into cellular
CS/DS (Fig. 6). Besides glycosaminoglycans, we could also con-
firm that exogenous GalNGc was incorporated into cellular
gangliosides (Fig. 8), which represent the second major glycan
species harboring GalNAc residues. Furthermore, we show that
cells synthesize UDP-GalNGc and UDP-GIcNGc from exoge-
nous GalNGc (Fig. 4) and confirm by mass spectrometry the
presence of significant amounts of GIcNGc in cellular heparan
sulfates (Fig. 7) after feeding GalNGc. In addition, our accom-
panying paper (5) demonstrates that UDP-GIcNGc can also
successfully enter the O-GlcNAcylation pathway resulting in
O-GlcNGc modifications. We found GalNGc to be incorpo-
rated into O-glycans as also reported very recently by another
group (36, 37). Going beyond these published reports, we also
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isolated cellular O-glycans from cells grown in the presence of
either GalNAc or GalNGc and performed structural analyses
using mass spectrometry. As expected, we found that CHO
cells are able to incorporate GaINGc as the core residue at the
reducing end of known O-glycan structures (Figs. 9 and 10)
(66). However, we also observed additional O-glycan structures
that were not found in non-fed CHO cells and thus conclude
that exogenously added GalNAc and GalNGc in high concen-
tration could significantly alter the O-glycosylation pattern of
mammalian cells. This unexpected finding requires further
work and is beyond the scope of this study.

We also found that all analyzed mammalian cells use artificial
GalNGc as a source for Neu5Gc de novo biosynthesis (Fig. 1) in
a GNE-dependent manner (Fig. 3); therefore, we propose a con-
ceivable pathway requiring seven distinct, basic, and con-
served metabolic enzymes to be most tolerant toward the
N-glycolyl group (Fig. 2). Although we use exogenously
added artificial GaINGc in this study, the amazing tolerance
of cellular metabolism toward the N-glycolyl substituent
demands an explanation.
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FIGURE 11. Exogenously supplemented GalNAc or GalNGc gives rise to novel O-glycan structures in CHO cells. O-Glycans from CHO I|dI-D cells were
isolated and analyzed by MALDI as described in the legend of Fig. 9. N-Glycolylhexosamine (HexNGc) is depicted as red squares to extend the common
monosaccharide code (69). Peak assignment was based on MS/MS fragmentation analysis for these novel O-glycan structures. A, zoom into MALDI spectrum
of O-glycans isolated from GalNAc-fed IdI-D cells (m/z 760 -850). B, fragmentation pattern of m/z 779.47 ion from GalNAc-fed IdI-D cells. C, zoom into MALDI
spectrum of O-glycans isolated from GalNGc-fed IdI-D cells (m/z 760 - 850). D, MS/MS fragmentation pattern of m/z809.49 ion from GalNGc-fed IdI-D cells. Most

relevant differences in the MS/MS fragment ions pointing toward the presence of HexNGc are highlighted with arrows.

The only known mammalian biosynthetic pathway to syn-
thesize a sugar carrying an N-glycolyl group is the conversion of
CMP-Neu5Ac into CMP-Neu5Gce (9-16), with Neu5Gc being
the only logical source for any other amino sugar carrying an
N-glycolyl group. Although the predicted pathway (Fig. 2) is not
considered reversible due to involvement of GNE, there are
likely other pathways for the turnover of Neu5Gc that are just
starting to be exploited. The breakdown of Neu5Gc into
ManNGc is well described (67, 68), and in our preceding paper
(1), we propose a pathway for degradation of Neu5Gc, also
demonstrating subsequent turnover of ManNGc into GlcNGc.
In addition, our accompanying paper (5) shows that mamma-
lian cells are able to incorporate exogenous GIcNGc to form
UDP-GIcNGc via the GIcNAc salvage pathway and subsequent
incorporation as O-GlcNGc modification. Besides degradation
of Neu5Gc involving release of the N-glycolyl group (1), the
combination of our above findings suggests yet another possi-
ble biochemical route for excess cellular Neu5Gg, i.e. conver-
sion into UDP-GIcNGc to be part of the central cellular
UDP-GIcNAc pool. From this pool, either incorporation of
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GlcNGc (and possibly GalNGc) into cellular glycan structures
would be plausible and is worthy of further study. In addition,
de novo biosynthesis of Neu5Gc in times of need would be con-
ceivable. If this was to happen in vivo, mammalian cells might
naturally harbor a so far unnoticed small subset of glycans con-
taining GIcNGc and GalNGc as a result of cellular Neu5Gce
turnover. This is beyond the scope of this study, but we are
currently investigating the natural occurrence of such glycan
structures in mammalian tissues and cells known to be rich in
Neu5Gc in the first place. If present in vivo, such GlcNGc- or
GalNGc-containing glycan structures are likely of low abun-
dance as they have not yet been described. However, just as
Neu5Gc itself represents a diet-acquired xeno-autoantigen in
humans (33) with all humans having circulating antibodies against
this epitope (31, 32), even low amounts of its breakdown products
(GIcNGc and GalNGc) would theoretically represent additional
putative diet-acquired xeno-autoantigens in humans. We intend
to also address this possibility in our future study.

Interestingly, cellular N-glycans represent the single major
class of glycans that did not incorporate detectable amounts of
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GalNGc or GIcNGc after cells were grown in the presence of
GalNGc (data not shown). In the light of all other glycosylation
pathways being tolerant toward the N-glycolyl substituent, one
can only speculate why glycosyltransferases involved in N-gly-
can assembly might have a more narrow substrate specificity to
exclude N-glycolylated species. One hypothesis would be that
even small amounts of N-glycans harboring modified GalNAc
or GIcNAc derivatives have the potential to impact critical cel-
lular functions. The more pronounced tolerance of certain met-
abolic routes toward modified GalNAc or GIcNAc derivatives
may also reflect a possible route for cells to handle rare modi-
fied or partially damaged amino sugars rather then accumulat-
ing them. As glycans such as GAGs are shed from cells in sig-
nificant amounts, this might be an elegant way for mammalian
cells to release modified or damaged amino sugars.
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SUPPLEMENTAL FIGURE 1
Cell line Culture additive %Neu5Gc/total Sia

none n.s.
SmM Neu5Gc 62.54

THP-1 100uM GalNGce n.s.
10mM GalNGc 0.70

100puM perGalNGe 0.65

none n.s.
SmM Neu5Gce 65.25

EMeg32"" 100uM GalNGc ns.
10mM GalNGc 2.47

100puM perGalNGe 0.87

none n.s.
SmM Neu5Gc 81.05

EMeg32" 100uM GalNGc ns.
10mM GaINGce 12.43

100puM perGalNGe 2.24

none n.s.
SmM Neu5Gc 86.72

BJA-B K20 100uM GalNGce n.s.

10mM GalNGc n.s.

100puM perGalNGe n.s.

none n.s.
SmM Neu5Gc 74.03

BJA-B K88 100uM GalNGce n.s.
10mM GalNGc 5.17

100puM perGalNGe 0.78

Figure S1: DMB-HPLC analysis of cells fed NV-glycolylgalactosamine. Various cell lines were cultured
under Neu5Gc-free conditions using 5% human serum. Thereafter, different N-glycolylated compounds
(Neu5Gc, GalNGe, or perGalNGc) were added to the culturing media of the cells. After 3 days
incubation, cells were harvested, washed well, and lysed. The cell lysates were treated with acid to release
all bound sialic acids and total sialic acid content (Neu5Ac and Neu5Gc) was analyzed by DMB-HPLC.
The percentage of Neu5Gc was calculated of the total cellular sialic acid amount (NeuSAc+Neu5Ge).
Samples that did not contain a peak at the elution time for Neu5Gc were labeled n.s. (not significant) in

this table.
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SUPPLEMENTAL FIGURE 2 Bergfeld et al.
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Figure S2: K1 and 1dl-D CHO cells comprise significant endogenous expression of Neu5Gc. CHO-K1
cells (A) and 1dI-D cells (B) were cultivated in Neu5Ge-free medium containing 5% human serum.
Thereafter, the media were supplemented with either SmM Neu5Gc (positive control; shaded dark grey),
100uM GalNGe (light blue line), 10mM GalNGc (magenta line), or 100uM peracetylated GalNGe
(perGalNGec, dark blue line). In parallel, cells were kept in 5% human serum without feeding (negative
control; black line). After 3-day feedings, cells were harvested and analyzed by flow cytometry using
aNeu5Ge IgY for detection of cell-surface glycosidically-bound Neu5Ge. As an additional negative
control, cells fed SmM Neu5Gc were also stained with control chicken IgY antibody (control IgY; shaded
light grey) or incubated only with the secondary antibody (secondary only, dark grey line). Non-fed cells
(black lines) reveal the presence of significant levels of cell-surface Neu5Gc although grown in Neu5Ge-
free medium. This is likely explained by the presence of a functional Cmah gene, which causes
endogenous expression of Neu5SGc in such hamster cells.
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SUPPLEMENTAL FIGURE 3 Bergfeld et al.
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FIGURE S3: HPAEC-PAD HPLC analyses. A, Profile of the gradient used in the present study to
separate UDP-aminosugars by HPLC using a PA-1 column under alkaline conditions. The gradient is
composed of several individual linear gradients and the concentrations of sodium hydroxide (NaOH, grey
line) and sodium acetate (NaOAc, black line) are depicted for the whole gradient. The flow rate was set to
Iml/min. B, summary mentioning exact concentrations of NaOH and NaOAc at the start- and end-points

of all linear gradients involved in this method.
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Figure S4: Possible structure of GM2 ganglioside. Analysis of isolated gangliosides from GalNAc-fed
M-21 cells by mass spectrometry revealed the presence of an m/z 1354.98 ion (Fig. 8A). Further MS/MS
fragmentation of this ion indicates a GM2 ganglioside composed of the depicted tetrasaccharide, leaving
an m/z 536.63 fragment ion behind for the ceramide moiety of the ganglioside (Fig. 8C). The above
drawn ceramide moiety represent one possible structure (among others) to highlight that the m/z 536.63
fragment ion would indeed fit the molecular mass of a common ceramide backbone.
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SUPPLEMENTAL FIGURE 5 Bergfeld et al.

. 520.26
/S‘Eb 1d1-D GalNAc
70 1 084.14 Oﬁb msms 925
60 -
50 |
) 259 11
£ |
3
o 40 - i
2
= 428.18
3 30 |
£
20 i /%9 é Og
298 1 689.29
98.16 925.55
10 -
0- ‘ ‘ |
100 200 300 400 500 600 700 800 900
m/z. amu

FIGURE S5: Nature of sialic acid impacts branching of O-glycans. CHO 1dI-D cells were kept under
Neu5Ge-free conditions using 5% human serum. The media was supplemented with 10mM GalNGc or
10mM GalNAc for the last 3 days before cells reach confluency. Thereafter, cells were harvested with
20mM EDTA in PBS, pelleted, and washed well. O-glycans were released from cell lysates by alkaline
borohydrate treatment and purified O-glycans were permethylated and analyzed by MALDI. The
spectrum of GalNAc-fed 1dl-D cells contains an m/z 925.55 ion (Fig. 10A). Further MS/MS fragmentation
confirms the presence of a Neu5Gc residue as depicted here and reveals strong fragment ions pointing to
a mainly branched O-glycan structure. In contrast, MS/MS fragmentation analysis of the corresponding
Neu5Ac-containing O-glycan structure (m/z 895.53, Fig. 10A) indicates a linear O-glycan structure.
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