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Background: Pathways for turnover and degradation of themammalian sialic acidN-glycolylneuraminic acid (Neu5Gc) are
currently unknown.
Results:Mammalian cells can degradeNeu5Gc by sequential conversion intoN-glycolylmannosamine,N-glycolylglucosamine,
and N-glycolylglucosamine 6-phosphate, following release of glycolate and glucosamine 6-phosphate.
Conclusion: Basic N-acetylhexosamine pathways seem tolerant toward the N-glycolyl substituent.
Significance:We elucidate the metabolic turnover of the diet-derived human xeno-autoantigen Neu5Gc.

The two major mammalian sialic acids are N-acetyl-
neuraminic acid and N-glycolylneuraminic acid (Neu5Gc). The
only known biosynthetic pathway generating Neu5Gc is the
conversion of CMP-N-acetylneuraminic acid into CMP-
Neu5Gc, which is catalyzed by the CMP-Neu5Ac hydroxylase
enzyme. Given the irreversible nature of this reaction, there
must be pathways for elimination or degradation of Neu5Gc,
which would allow animal cells to adjust Neu5Gc levels to their
needs. Although humans are incapable of synthesizing Neu5Gc
due to an inactivatedCMAH gene, exogenousNeu5Gc fromdie-
tary sources can be metabolically incorporated into tissues in
the face of an anti-Neu5Gc antibody response. However, the
metabolic turnover of Neu5Gc, which apparently prevents
human cells from continued accumulation of this immunoreac-
tive sialic acid, has not yet been elucidated. In this study, we
show that pre-loaded Neu5Gc is eliminated from human cells
over time, and we propose a conceivable Neu5Gc-degrading
pathway based on the well studied metabolism of N-acetyl-
hexosamines. We demonstrate that murine tissue cytosolic
extracts harbor the enzymatic machinery to sequentially con-
vert Neu5Gc into N-glycolylmannosamine, N-glycolylgluco-
samine, and N-glycolylglucosamine 6-phosphate, whereupon
irreversible de-N-glycolylation of the latter results in the ubiq-
uitous metabolites glycolate and glucosamine 6-phosphate. We
substantiate this finding by demonstrating activity of recombi-

nant human enzymes in vitro and by studying the fate of radio-
labeled pathway intermediates in culturedhuman cells, suggest-
ing that this pathway likely occurs in vivo. Finally, we
demonstrate that the proposed degradative pathway is partially
reversible, showing that N-glycolylmannosamine and N-glyco-
lylglucosamine (but not glycolate) can serve as precursors for
biosynthesis of endogenous Neu5Gc.

Mammalian cells typically decorate their surfaceswith a vari-
ety of glycoconjugates, and the terminal position of their glycan
chains is commonly occupied by sialic acids (1–4). Among the
�50 naturally occurring sialic acid derivatives, mammalian
cells predominantly synthesize and express N-acetylneur-
aminic acid (Neu5Ac)3 andN-glycolylneuraminic acid (Neu5Gc).
Activation of sialic acids occurs in the nucleus, and the resulting
CMP-activated sialic acids are transported to the Golgi appara-
tus, where they are transferred onto underlying glycan chains
by action of �20 sialyltransferases (5). The only known biosyn-
thetic pathway yielding Neu5Gc takes place at the level of acti-
vated sugars and results in conversion of CMP-Neu5Ac into
CMP-Neu5Gc, which is catalyzed by the cytosolic CMP-
Neu5Ac hydroxylase (CMAH) (6–13). In humans, the single
copy CMAH gene was found inactivated (14, 15) by an Alu-
mediated replacement of a 92-bp exon resulting in a frameshift
mutation (14, 16, 17). The complete absence of Neu5Gc in
Cmah�/�mice carrying the human-likemutation (18) suggests
that humans completely lost the ability for de novo Neu5Gc
biosynthesis. Despite the lack of an alternative pathway for
Neu5Gc synthesis, the presence of Neu5Gc has been conclu-
sively demonstrated on various human carcinomas and in fetal
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meconium (19–24).With the development of additional sensi-
tive detection methods, low levels of Neu5Gc have been found
on normal human tissues such as endothelia of blood vessels
(25, 26) and apparently originate from Neu5Gc-rich dietary
sources such as red meats (26, 27). Our companion paper (28)
shows for the first time thatCmah�/� mice incorporate dietary
Neu5Gc with a human-like bodily distribution after feeding
with Neu5Gc-containing glycoconjugates. Indeed, human cells
were also shown to take up exogenousNeu5Gc from the culture
medium and incorporate it into cell-surface glycoconjugates,
demonstrating that intrinsic biochemical pathways are com-
patible with Neu5Gc and recognize it biochemically as “self”
(26, 27). In striking contrast, the human immune system
regards Neu5Gc-containing glycan structures as “foreign,”
resulting in a polyclonal humoral response, with circulating and
varying titers of anti-Neu5Gc antibodies among all humans (29,
30). The incorporation of dietary Neu5Gc in the face of an
ongoing immune response against this non-human epitope
makes Neu5Gc the first known example of a “xeno-autoanti-
gen” (31, 32). Interestingly, the major sites of Neu5Gc accumu-
lation in humans (endothelia of blood vessels and epithelia
lining the hollow organs) are also the locations where predom-
inantly human-specific diseases involving chronic inflamma-
tion seem to occur (31). Notably, such chronic inflammation-
mediated human health issues (e.g. atherosclerosis of medium
and large vessels or certain epithelial carcinomas) are also asso-
ciated with the consumption of Neu5Gc-rich foods such as red
meats (33–36). Thus, “xenosialitis” has been proposed to be a
novel human-specific mechanism, which could exacerbate vas-
cular pathologies such as arteriosclerosis (37), andwas found to
stimulate tumor growth in a human-like mouse model (38).
Investigating the intracellular fate of Neu5Gc may help explain
the underlying mechanisms of xenosialitis in humans.
As the CMAH reaction (CMP-Neu5Ac3 CMP-Neu5Gc) is

irreversible, all mammalian cells must have pathways to adjust
cellular Neu5Gc levels to their needs to avoid continued accu-
mulation. Such a metabolic pathway for the turnover of
Neu5Gc has not been reported in any system. However, several
enzymes involved in sialic acid biosynthesis were previously
shown to accommodate both theN-acetyl substituent as well as
the N-glycolyl moiety. Examples include the CMP-sialic acid
synthetase from various animals, including humans (39) and
mammalian sialyltransferases (40). Moreover, mammalian
N-acetylneuraminate pyruvate-lyasewas found to release pyru-
vate fromNeu5Ac andNeu5Gc to giveManNAc andManNGc,
respectively (41, 42). In this study, we hypothesized that addi-
tional enzymes involved in further breakdown of ManNAc and
ManNGc may also tolerate the N-glycolyl group. Based on the
well knownmetabolismofN-acetylhexosamines inmammalian
cells, we thus propose a conceivable pathway for the degrada-
tion of excess Neu5Gc. We show that the predicted reactions
occur in murine tissue cytosolic extracts, demonstrating that
mammalian N-acetylhexosamine pathways can accommodate
the N-glycolyl group to some extent allowing degradation of
excess Neu5Gc into the two ubiquitous metabolites glycolate
and glucosamine 6-phosphate. Further analysis of recombinant
human enzymes and studies on the fate of radiolabeled pathway
intermediates in cultured human cells indicate that this path-

way likely also persists in humans. The identification of the first
Neu5Gc-degrading metabolic pathway in mammals has funda-
mental implications for sialic acid biochemistry and biology,
and it may also have significant impact on the development of
strategies to manage Neu5Gc accumulation in humans and its
potentially deleterious consequence xenosialitis.

EXPERIMENTAL PROCEDURES

Materials

[1,2-14C]Glycolic acid was received from ICN Biomedicals,
Inc. All chemicals were purchased at HPLC grade from Fisher
or Sigma unless otherwise stated.

Generation of Expression Plasmids

The sequence of all primers used in this study can be found in
supplemental Fig. S5. Human NAGK gene (accession number
BC0010029), cloned EcoRI/XhoI in pOTB7 vector was pur-
chased from Thermo Scientific (clone ID 3347484). The gene
was amplified by PCRusing the primer pair AKB20/AKB21 and
the above plasmid as template. The PCR product was cloned
via EcoRI/XhoI sites into a modified pGEX-2T expression vec-
tor (GE Healthcare, harboring the additional sequence
5�-CCGGGTCGACTCGAGCGGCCGC-3� inserted 3� of
EcoRI), resulting in the plasmid pGEX-hNAGK to express
NagK with an N-terminal GST fusion tag. Human AMDHD2
gene (accession number BC018734), cloned EcoRI/XhoI in
pOTB7 vectorwas purchased fromThermoScientific (clone ID
4869721). The genewas amplified by PCR using the primer pair
AKB3/AKB9 and the above plasmid as template. The pET22b
expression vector (Novagen) was modified by adapter ligation
via XbaI/BamHI of primers AKB11/AKB12 to remove the pelB
leader sequence. The PCR product was subcloned via NdeI/
XhoI sites into the modified pET22b expression vector
described above resulting in plasmid pET22b-hAMDHD2-His
to express Amdhd2 with a C-terminal hexahistidine tag. The
identity of all plasmids was confirmed by sequencing.

Expression and Purification of Recombinant Human GlcNAc
Kinase

Plasmid pGEX-hNAGK was transformed into BL21(DE3)
bacteria, and the protocol for expression and purification was
modified from Yamada-Okabe et al. and Weihofen et al. (43,
44). Freshly transformed bacteria were cultivated at 37 °C in
500 ml of LB medium containing 200 �g/ml carbenicillin. At
A600 nm � 0.6, expression was induced by adding 0.3 mM iso-
propyl �-D-1-thiogalactopyranoside. Thereafter, bacteria were
grown at 37 °C for 4 h, pelleted at 6000 � g for 10 min at 4 °C,
and washed with 20 ml of PBS, and the pellet was kept on ice.
Bacteria were resuspended in 20 ml of PBS, lysed by sonication
(in ice-water, five times for 30 s pulsed with 0.5 s ON and 0.5 s
OFF and 2 min breaks in-between; level 4 on a 550 sonic dis-
membrator, Fisher), and the membrane fraction was removed
at 4 °C/27,000 � g/1 h. The supernatant containing soluble
expressed GST-NagK was loaded onto a 2-ml glutathione-Sep-
harose 4B column (GEHealthcare) pre-equilibrated with 10ml
of PBS. After loading, the columnwas washed successively with
5 ml of PBS and 10 ml of buffer A (20 mM Tris-HCl, pH 7.5, 50
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mM NaCl, 1 mM dithiothreitol (DTT)). Bound proteins were
eluted with 3� 600 �l of 10 mM glutathione in buffer A. Eluted
fractions were pooled and dialyzed against buffer A using Spec-
tra/Por Dialysis Membrane 6 (MWCO 10,000; Spectrum Lab-
oratories). The enzyme was stored at �80 °C and remained
active for at least 1 year.

Expression and Purification of Recombinant Human
GlcNAc-6-P Deacetylase

Plasmid pET22b-hAMDHD2-His was transformed into
BL21(DE3) bacteria. Freshly transformed bacteria were culti-
vated at 37 °C in 500 ml of LB medium containing 200 �g/ml
carbenicillin. AtA600 nm � 0.6, expression was induced by add-
ing 1 mM isopropyl �-D-1-thiogalactopyranoside, and the
medium was supplemented with 1 mM ZnCl2 as described pre-
viously for the Escherichia coli analog NagA (45). Thereafter,
bacteria were grown at 15 °C for 16 h, pelleted at 6000� g for 10
min at 4 °C, and washed with 20 ml of PBS, and the pellet was
kept on ice. Bacteriawere resuspended in loading buffer (50mM

Tris-HCl pH 7.5, 100 mM NaCl, 20 mM imidazole, 1 mM DTT)
supplemented with 100 �g/ml phenylmethanesulfonyl fluoride
(PMSF) and lysed by sonication (on ice-water, five times for 30 s
pulsed with 0.5 s ON and 0.5 s OFF and 2 min breaks in
between; level 4 on a 550 sonic dismembrator, Fisher), and the
membrane fraction was removed at 4 °C/27,000 � g/1 h. The
supernatant containing soluble expressed Amdhd2-His was
loaded onto a 1-ml HisTrapHP column (GE Healthcare) pre-
equilibrated with loading buffer. Bound proteins were eluted
with a 20ml linear imidazole gradient (20–500mM imidazole in
loading buffer; flow rate 1 ml/min) by FPLC. Enzyme-contain-
ing fractions were pooled and dialyzed against storage buffer
(50 mM Tris-HCl pH 7.5, 100 mM NaCl, 1 mM DTT) using
Spectra/Por dialysis membrane 6 (MWCO 10,000; Spectrum
Laboratories). The enzyme was either stored flash-frozen at
�80 °C or in 50% glycerol at �20 °C and remained active for at
least 1 year.

SDS-PAGE, Coomassie Staining, and Immunoblotting

SDS-PAGE was performed under reducing conditions using
2.5% (v/v) �-mercaptoethanol. Coomassie staining and West-
ern blot analysis with anti-penta-His antibody (Qiagen) were
performed as described previously (46).

HPLC Analysis Using HPAEC-PAD Followed by Scintillation
Counting

Monosaccharides were separated by HPLC (Dionex DX-600
BioLC system equipped with an ED50 Electrochemical Detec-
tor, Dionex) using a CarboPac PA-1 column (Dionex) under
alkaline conditions. Samples (100 �l) were injected, and the
developed gradient described in supplemental Fig. S2 was
applied at a flow rate of 1 ml/min. Following HPAEC-PAD
detection, 0.5-ml fractions were collected directly into scintil-
lation vials whenever radiolabeled material was analyzed. To
each vial, 5 ml of scintillation mixture was added (Scinti Verse
BD, Fisher) prior to measuring on a scintillation counter.
Because of the lack of qualified hydroxyl groups, glycolic acid
cannot be detected by HPAEC-PAD. However, co-elution of
commercial [14C]glycolic acid and synthesized [3H]glycolic

acid is observed at 13.5 ml using the gradient described in sup-
plemental Fig. S2.

Activity Assay for Human GlcNAc Kinase

Assay conditions were modified from Yamada-Okabe and
co-workers (43). The assay contained 50 mM Tris-HCl pH 7.5,
10mMMgCl2, 5mMDTT, 5mMATP, 1mMof eitherGlcNAc or
GlcNGc, and 0.22 nmol of purified enzyme in a total volume of
50 �l. As a background control, the reaction was set up without
the substrates GlcNAc or GlcNGc. After 1 h of incubation at
37 °C, the reaction mixtures were spun through Amicon Ultra-
0.5 ml 10K Ultracel filter units (Millipore) to remove the
enzyme prior to analysis by HPLC following HPAEC-PAD.

Activity Assays for Human GlcNAc-6-P Deacetylase

1) Enzyme activity assays were carried out in 30 �l volumes
containing 25 mM Tris-HCl pH 7.5, 1 mM DTT, either 5 mM

GlcNAc-6-P or 5 mM GlcNGc-6-P, and 0.3 nmol of purified
recombinant human deacetylase. Before and after incubation at
37 °C for 1 h, 10 �l of the reaction mixtures were spotted on
3MM CHR Whatman chromatography paper. Subsequently,
separation was achieved by descending paper chromatography
using running buffer (3 volumes ethanol and 7 volumes of 1 M

ammonium acetate, pH 3.9) as described previously (47). The
separated sugars on the chromatogram were detected by silver
staining using a modified version of the protocol from Trev-
elyan et al. (48). In brief, the dried paper chromatogram was
quickly and evenly dipped through a trough containing solution
A (0.1ml of saturated aqueous silver nitrate solution in 20ml of
acetone). After air-drying, the paper was dipped through solu-
tion B (20 mg of NaOH in just enough water to dissolve it, and
methanol was added to a final volume of 1 liter). Once color has
developed sufficiently, the staining was fixed by passing
through solution C (31.8 mg of sodium thiosulfate first dis-
solved in 475 ml of water followed by addition of 475 ml of
methanol). 2) An additional activity assay was set up in a 210-�l
final volume containing 25 mM Tris-HCl pH 7.5, 1 mM DTT,
either 2mMGlcNAc-6-P or 2mMGlcNGc-6-P, and 0.9 nmol of
purified recombinant human deacylase at 37 °C. Control reac-
tions were set up by adding heat-inactivated enzyme (5 min/
95 °C) to the reaction mixtures. Aliquots (30 �l) were removed
from the reaction mixtures after 30 s, 1, 5, 15, and 30 min, and
1 h and transferred into tubes harboring 70 �l of pre-cooled
ethanol to quench the reaction. Precipitation was allowed to
occur overnight at �20 °C. Thereafter, samples were spun at
20,000 � g/15 min/4 °C, and the supernatants were transferred
into clean tubes and dried. For subsequentHPLC analysis, sam-
ples were resuspended in 110 �l of water, filtered, and analyzed
as described above.

Mice

WT C57BL/6 mice were purchased from Harlan Laborato-
ries. Cmah�/� mice have been described previously (18). Mice
were fed standard chow (PicoLab Rodent Diet 20; LabDiet) and
water ad libitum andmaintained on a 12-h light/dark cycle. All
animal work was performed in accordance with The Associa-
tion for Assessment and Accreditation of Laboratory Animal
Care under protocol S01227 approved by The Institutional
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AnimalCare andUseCommittee of theUniversity of California
San Diego.

Preparation of Cmah�/� Mouse Embryonic Fibroblasts

To generate Cmah�/� fibroblasts, 14- to 17-day-old
embryos of aCmah�/� mouse (18) were dissected by removing
the amniotic sac and the placenta from the embryo. Blood was
removed by repetitive washing in PBS, and thereafter, the car-
casses were minced with scissors. Per embryo, 3–5 ml of 0.05%
trypsin/EDTA solution (Invitrogen) were added and incubated
at 4 °C overnight to allow diffusion of the trypsin into the tissue.
The next day, without disturbing the pellet of tissue,most of the
trypsin solution was removed, and the tissue pellet was incu-
bated at 37 °C for 60 min. Thereafter, the pellet was carefully
resuspended in 50 ml of fresh Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% FCS. The sample
was spun at 1000 rpm for 1 min to let the remaining tissue
clumps accumulate at the bottom of the tube. The supernatant
was transferred to a clean tube and spun for 5 min at 1000 rpm
to pellet cells. The supernatant was aspirated, and the cell pellet
was resuspended in fresh media. Cells derived from 3 to 4
embryos were plated in a T-175 flask, and the media were
changed the next day. The cells were passaged upon reaching
confluency.
Production of the retrovirus was conducted based on previ-

ously described methods (49). The packaging cell line PA317
LXSN16E6E7 developed by transfection of the retroviral vector
pLXSN16E6E7, which contains the human papilloma virus as
well as a gene controlling resistance to neomycin, was pur-
chased from ATCC. These cells were grown in DMEM with 4
mM L-glutamine adjusted to contain 1.5 g/liter sodium bicar-
bonate, 4.5 g/liter glucose, and 10% fetal bovine serum. The
cells were grown to 70–80% confluency, and the supernatant
was collected after 16 h. The supernatant was filter-sterilized
through a 0.22-�mfilter and stored at�80 °C. The supernatant
was then used for transduction to immortalizeCmah�/� fibro-
blasts based onprevious protocols (50). Briefly,Cmah�/� fibro-
blast cells were seeded at 3 � 105 cells per T-75 flask and
allowed to adhere overnight. Transduction of the cells was
accomplished by using 1 ml of the sterile-filtered supernatant
containing the human papilloma virus in the presence of 8
�g/ml Polybrene in a total volume of 10 ml for 8 h at 37 °C in a
5% CO2-humidified incubator. The media containing the virus
were removed and replaced with fresh medium (DMEM high
glucose supplemented with 10% FCS, 25 units/ml penicillin, 25
units/ml streptomycin) and grown for 3 days. Transduced cells
were selected by adding 100 �g/ml G418 for 14 days.

Tissue Culture

Human acute monocytic leukemia cell line THP-I (51) and
murine Cmah�/� fibroblasts were cultivated in DMEM (high
glucose, Invitrogen); human M-21 cells (52) were grown in
�-minimal essential medium, and human B lymphoma cell line
BJA-B (Burkitt’s lymphoma-like (53), subclones K88 and K20
(54)) were kept in RPMI 1640 medium. All media were supple-
mented with 5% Neu5Gc-free human serum (heat-inactivated
and sterile-filtered, Valley Biomedical Inc.) and 2 mM gluta-

mine. Cells were cultivated in a humidified 5%CO2 atmosphere
at 37 °C.

Feeding of Animal Cells

For feedings of suspension cells (THP-I or BJA-B), 1 � 106
cells were set up in a well of a 6-well dish in a final volume of 2
ml of feeding media as described below. Adherent cells
(Cmah�/� fibroblasts, M-21 cells) were split into P-100 dishes
in a manner to reach confluency after 4 days again and allowed
to attach overnight. The next day, the media were removed;
cells were washed with PBS, and 5 ml of feeding media were
added as described below. The feeding media were supple-
mented with compounds as indicated using the following pH
neutral and sterile-filtered stock solutions either prepared in
PBS, pH 7.4 (100mMNeu5Gc, 1 M glycolic acid, 1 M GABA, 1 M

ManNGc, and 1 M GlcNGc), or dissolved in DMSO (100 mM

GlcNGc, 100mMper-O-acetyl-GlcNGc, 100mMManNGc, and
100 mM per-O-acetyl-ManNGc). Regarding cell feedings with
ManNGc andGlcNGc, the DMSO stock was used when aiming
for a final concentration of 100 �M in themedia. The PBS stock
was used to set up feeding media with a 10 mM final concentra-
tion of the compounds. Cells were kept in the feedingmedia for
3 days. Adherent cells were detached with 20mM EDTA in PBS
first, and all cells were washed three times with PBS. Cells were
analyzed by flow cytometry as described below.
For the pulse-chase experiment (Fig. 2A), 1� 107THP-I cells

were incubated in 10 ml of fresh media supplemented with 5
mM Neu5Gc for 3 days. Thereafter, the cell pellet was washed
three times with PBS, resuspended in 20 ml of fresh media, and
split equally into 10 wells of 6-well dishes (2 ml/well). All cells
of a well were harvested at days 0 and 1–6. At day 6 of the
chase, all remaining wells were diluted 1:3 in fresh media
individually and transferred into T-75 flasks. At day 14, all
cells of one T-75 flask were harvested, and the remaining two
T-75 flasks were further diluted 1:3. At day 21, all cells of one
T-75 flask were harvested, and the last T-75 flask was again
diluted 1:3, and all cells were harvested on day 28. Cell pellets
were washed three times with PBS and frozen at �80 °C.
After all time points were collected, Neu5Gc content of total
cell lysates was determined by DMB-HPLC as described
below.

Radiolabeled Cell Feedings

THP-I cells (1� 106 cells, 2ml of culturemedium in a well of
a 6-well dish) were incubated for 3 days in the presence of 370
kBq [3H]ManNGc, 370 kBq [3H]GlcNGc, or 74 kBq [3H]gly-
colic acid. Cmah�/� fibroblasts were cultured in a P-100 dish,
and 3 days prior to reaching confluency, the media were
removed; cells were washed, and 5 ml of fresh medium supple-
mented with 110 kBq [3H]glycolic acid was added. After 3 days,
cells were harvested using 20 mM EDTA in PBS. All radiola-
beled cells were washed three times with PBS, and pellets were
stored at �20 °C. For analysis, cell pellets were resuspended in
30 �l of 10 mMTris-HCl, pH 7.5, and lysed by repetitive freeze-
thaw. Proteins andmembrane debris were precipitated by addi-
tion of 70 �l of ethanol (70% final) at �20 °C overnight. Mix-
tures were spun for 20 min at 20,000 � g at 4 °C; the
supernatants were transferred into fresh tubes, and samples
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were dried down. For HPLC analysis, samples were resus-
pended in a final volume of 110 �l of water (supplemented with
internal standards whenevermentioned), filtered, and analyzed
as described above.

Flow Cytometry

For staining, cells were resuspended in blocking solution
(PBS pH 7.4, supplemented with 0.5% gelatin from cold water
fish skin (Sigma) and 2 mM EDTA) containing either a 1:10,000
dilution of polyclonal monospecific chicken anti-Neu5Gc anti-
body (anti-Neu5Gc IgY (25)) or control chicken IgY (Jackson
ImmunoResearch). Cells were incubated for 1 h on ice. There-
after, cells were pelleted and resuspended in blocking solution
containing a 1:4000 dilution of Cy5-conjugated donkey anti-
chicken IgY antibody (Jackson ImmunoResearch). Cells were
incubated for 1 h on ice, pelleted, and resuspended in blocking
solution for subsequent analysis. Data were collected on a
FACSCalibur flow cytometer (BD Biosciences) and analyzed
using the Flowjo software (Tree Star).

DMB-HPLC

DMB-HPLC was performed as described in the companion
paper (28). As starting material, �5% of cells from a confluent
P-100 dish or 100 �l of a dense suspension cell culture were
used in the protocol. Cell lysates were prepared by repetitive
freeze-thaw followed by sonication. For the pulse-chase exper-
iment with THP-I cells (Fig. 2A), 90% (days 0–6), 45% (days 14
and 21), and 22.5% (day 28) of total cell lysate, respectively, were
used for DMB-HPLC analysis. Resulting sialic acid amounts
were corrected for the dilution factor thereafter.

Preparation of Cytosolic Extracts from Mouse Liver

A whole mouse liver (C57/BL6, �0.8 g) was harvested and
minced with scissors in pre-cooled 2.4ml of PBS pH 7.4, on ice.
The tissue was homogenized using a Polytron (Brinkmann
Instruments) for 30 s at medium speed on ice and subsequently
spun at 100,000 � g for 1.5 h at 4 °C. The supernatant was
recovered and represents the cytosolic extract. Beforehand,
50,000 cpm (1.31 kBq) of radiolabeled monosaccharides were
dried down in tubes and now resuspended in 50 �l of the fresh
cytosolic liver extract. Remaining tissue extract was kept on ice.
Where mentioned, 5 mM ATP (along with 10 mM MgCl2) was
added to the sample, and all reaction mixtures were incubated
at 37 °C for 6 h. Thereafter, reactions were either quenched
with ethanol immediately or supplemented with 5 mM ATP
(along with 10 mM MgCl2) and extra 50 �l of cytosolic extracts
for an additional 6 h incubation at 37 °C if mentioned in the
text. To quench reactions, pre-cooled ethanol was added to a
final concentration of 70%, and precipitation was allowed to
occur at �20 °C overnight. Thereafter, samples were spun at
20,000 � g for 15 min at 4 °C. The supernatant was transferred
into clean tubes and dried down. For subsequent HPLC analy-
sis, samples were resuspended in a final volume of 110 �l of
water (supplemented with internal standards where it applied),
filtered, and analyzed as described above.

Chemical Methods

General

“Brine” refers to a saturated aqueous solution of sodium
chloride. Proton nuclear magnetic resonance spectra (dH) were
recorded on a Jeol ECA 500 (500 MHz). 500 MHz spectra were
assigned using COSY. All chemical shifts are quoted on the
�-scale in ppm, using residual solvent as the internal standard.
Low resolution mass spectra, obtained at the University of Cal-
ifornia San Diego, Chemistry and Biochemistry Molecular MS
Facility, were recorded on a Micromass Platform 1 spectrome-
ter using electron spray (ES) ionizationwithmethanol as carrier
solvent. Flash column chromatography was performed using
Sorbsil C60 40/60 silica gel. Thin layer chromatography (tlc)
was performed using Merck Kieselgel 60F254 pre-coated alu-
minum backed plates. Plates were visualized using 5% sulfuric
acid in methanol.

Generalized Method to Prepare 2-Deoxy-2-
[(hydroxyacetyl)amino]-D-pyranose (ManNGc and GlcNGc)

2-Amino-2-deoxy-D-glycopyranoside hydrochloride salt (1.4
g, 6.5 mmol) was dissolved in water (60 ml) with sodium bicar-
bonate (10.8 g, 130 mmol) and cooled in an ice bath. Acetoxy-
acetyl chloride (4.2 ml, 39 mmol) was added slowly to the reac-
tion mixture. After 30 min tlc (EtOAc/MeOH, 7:3) showed
complete consumption of the starting material (Rf 0.0) and the
formation of the product (approximate Rf 0.3). The reaction
mixture was neutralized with mixed bed resin. Finally, the
product was purified through silica column and concentrated
under vacuum to yield a white gum (1.4 g, 5.9 mmol, 91%).
2-Deoxy-2-[(hydroxyacetyl)amino]-D-mannopyranose (Man-

NGc)—Spectral data are in good agreement with a published
report (55).
2-Deoxy-2-[(hydroxyacetyl)amino]-D-glucopyranose (GlcNGc)

(56)—For 1H NMR (D2O, 500 MHz) (assigned for the major
anomer), � � 3.31 (t, J � 3.6 Hz, 1H), 3.34 (t, J � 9.6 Hz, 1H),
3.64 (t, J � 9.7 Hz, 1H), 3.67 (t, J � 3.4 Hz, 1H), 3.72 (m, 1H),
3.78 (dd, J1,2 � 3.7 Hz, J2,3 � 10.9 Hz, 1H), 3.96 (s, 2H), 5.04 (d,
J1,2 � 3.7 Hz, 1H). m/z (ESI�) was 260 (M � Na�, 100%). The
HRMSm/z (ES�) calculated for C8H15NO7Na (M � Na�) was
260.0741 and found was 260.0743.

Generalized Method to Make 1,3,4,6-Tetra-O-acetyl-2-
deoxy-2-[(acetoxyacetyl)amino]-D-glycopyranose
(Per-O-acetyl-ManNGc and Per-O-acetyl-GlcNGc)

2-Deoxy-2-[(hydroxyacetyl)amino]-D-glycopyranose (200
mg, 0.80 mmol) was slurried in acetic anhydride (5 ml) and
pyridine (5ml). After 24 h, tlc (EtOAc/petrol, 1:9) showed com-
plete consumption of the startingmaterial (Rf � 0.0). The clear/
colorless solution was dried under reduced pressure to yield a
sticky straw-colored gum. The residue was dissolved in chloro-
form and washed with sodium bicarbonate, water, and finally
brine. The solution was then dried with sodium sulfite, filtered,
and dried under vacuum to yield a white gum. The crude prod-
uct was purified through silica column and dried under vacuum
to yield a clear colorless gum. (320 mg, 0.71 mmol, 90%).
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1,3,4,6-Tetra-O-acetyl-2-deoxy-2-[(acetoxy-acetyl)amino]-D-
mannopyranose (Per-O-acetyl-ManNGc) (57)—1H NMR
(CD3Cl, 500 MHz) (assigned for the major anomer) was as fol-
lows: � � 1.99 (s, 3H, CH3), 2.05 (s, 3H, CH3), 2.09 (s, 3H, CH3),
2.18 (s, 3H,CH3), 2.20 (s, 3H,CH3), 4.03–4.07 (m, 1H), 4.24 (dd,
J� 12.8, J� 4.8, 1H), 4.60 (s, 2H), 4.76 (ddd, J� 9.1, J� 3.7, J�
1.7, 1H), 5.16 (t, J � 10.1, 1H), 5.31 (dd, J � 4.6, J � 10.4, 1H),
6.03 (d, J � 2.0, 1H), 6.41 (d, J � 9.1, 1H). m/z (ESI�) was
470 (M � Na�, 100%), 465 (M � NHMACROS BELOW ARE
FOR THE VISUAL4�, 10%). The HRMS m/z (ES�) calculated
for C18H25NO12Na (M � Na�) was 470.1269 and found was
470.1270.
1,3,4,6-Tetra-O-acetyl-2-deoxy-2-[(acetoxy-acetyl)amino]-D-

glucopyranose (per-O-acetyl-GlcNGc) (56)—1H NMR (CD3Cl,
500 MHz) (assigned for the major anomer) is as follows: � �
2.04 (s, 3H, CH3), 2.04 (s, 3H, CH3), 2.08 (s, 3H, CH3), 2.16 (s,
3H, CH3), 2.19 (s, 3H, CH3), 3.97–4.01 (m, 1H), 4.04 (dd, J �
2.3, J � 12.6, 1H), 4.23 (dd, J � 12.6, J � 4.0, 1H), 4.43 (m, 2H),
4.57 (s, 2H), 5.19–5.28 (m, 1H), and 6.22 (d, J � 3.7, 1H, H-1).
m/z (ESI�) was 470 (M � Na�, 100%), 465 (M � NH4

�, 10%).
The HRMS m/z (ES�) calculated for C18H25NO12Na (M �
Na�) was 470.1269 and found was 470.1271.

Method to Prepare 2-Deoxy-2-[(hydroxyacetyl)amino]-6-
phosphate-D-glucopyranose (GlcNGc-6-P) (58)

To glucosamine 6-phosphate in phosphate-buffered saline
(pH 7.4, 50 mM, 1 ml) was added (final concentration) glycolic
acid (250mM),N-hydroxysulfosuccinimide (sulfo-NHS, 5mM),
and ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC, 100
mM). The reaction was incubated at RT for 30 min, after which
water (10 ml) was added. The product was purified by ion-
exchange column (Dowex 50 H� form, 2 ml; Bio-Rad). The
column was washed with water (5 ml). The flow-through and
the wash were collected and passed through a second ion-ex-
change column (AG 50W-X8, 2 ml; Bio-Rad). The column was
washed with water (10 ml) and formic acid (1 M, 10 ml). The
product was eluted from the column using formic acid (5 M, 10
ml). The eluate was dried under reduced pressure to yield a
clear colorless gum. 1HNMR (D2O, 500MHz) (assigned for the
major anomer) is as follows: � � 3.47 (t, J 9.5 Hz, 1H,), 3.52 (dd,
J 4.0Hz, J 9. 8Hz, 1H), 3.64 (t, J 9.7Hz, 1H), 3.69 (t, J 9.4Hz, 1H),
3.85 (dd, J 4.0Hz, J 10.6Hz, 1H), 3.93 (dd, J 4.1Hz, 10.9Hz, 1H),
4.00 (s, 2H), 5.08 (d, J1,2 3.6 Hz, 1H).m/z (ESI�) 316 (M � H�,
100%), 338 (M � Na-2H�, 30%). The HRMS m/z (ES�) calcu-
lated for C8H16NO10PNa (M � Na�) was 340.0404 and found
was 340.0406.

Preparation of [3H]Glycolic Acid

[3H]Glycolic acid was synthesized from [3H]NaBH4 and
glyoxylate. Commercial solid [3H]NaBH4 (PerkinElmer Life
Sciences, 37 GBq, 2.442 GBq/�mol) was resuspended in 250 �l
of 1 mMNaOH, whereupon 100 �l (14.8 GBq) were used in the
following. A 500 mM glyoxylate stock solution was prepared
(pH 8.0), and 69 �l were added to the [3H]NaBH4. The reaction
mixturewas incubated at room temperature for 1.5 h and there-
after quenched by adding 3.8�l of acetone. After incubation for
another hour at room temperature, the sample was diluted to
2.5 ml with water and then purified by polyethyleneimine (PEI)

chromatography to remove excess glyoxylate. The diluted sam-
ple was loaded onto a 3 ml column of PEI-cellulose, pre-equil-
ibrated in water. The column was washed with 30� 6 ml of
water, washedwith 3� 6ml of 40mMNaCl, and elutedwith 3�
6 ml of 100 mM NaCl. The recovery was monitored by scintil-
lation counting of diluted aliquots of each of the wash and elu-
ate fractions. The pooled eluate of 18ml was stored frozen. The
final yieldwas�85% (12.6GBq), and the identity of synthesized
[3H]glycolic acidwas confirmed byHPLC, observing co-elution
with commercial [14C]glycolic acid.

Preparation of [glycolyl-3H]ManNGc and
[glycolyl-3H]GlcNGc

To synthesize [glycolyl-3H]ManNGc, 4 GBq of prepared
[3H]glycolic acid were incubated with 50 mM mannosamine in
the presence of 50 mM EDC and 2.5 mM sulfo-NHS in 50 mM

MOPS buffer pH 7.5, in a final volume of 8 ml. Synthesis of
[glycolyl-3H]GlcNGc was achieved in the same manner using
0.63GBqof prepared [3H]glycolic acid and 50mMglucosamine.
The reaction mixtures were incubated overnight at room tem-
perature with gentlemixing, subsequently diluted to 20ml with
water, and applied to 5 ml Dowex-50 columns (AG 50W-X2,
Bio-Rad) pre-equilibrated with water. The columns were
washed with 5 CV water; the washes were pooled with the run-
through, and the pools were applied onto 5 ml of AG3X4A
(OH� form, Bio-Rad) columns pre-equilibrated with water.
The columns were washed with 5 CV water, and the washes
were pooled with the run-through. The pools containing the
synthesized [glycolyl-3H]ManNGc and [glycolyl-3H]GlcNGc,
respectively, were adjusted to 50% ethanol and stored at
�20 °C. The preparations were diluted to prevent autoradioly-
sis. The recovery was monitored by scintillation counting, and
the final yields of [glycolyl-3H]ManNGc and [glycolyl-3H]-
GlcNGc were 0.84 GBq (21.0%) and 0.27 GBq (43.2%), respec-
tively. The identity of synthesized [glycolyl-3H]ManNGc and
[glycolyl-3H]GlcNGc was confirmed by HPLC, demonstrating
co-elution with their nonlabeled chemically well characterized
counterparts.

Preparation of [14C]GlcNGc

To synthesize [14C]GlcNGc, 1.85 MBq of D-[U-14C]glucos-
amine hydrochloride (Amersham Biosciences, in 3% ethanol)
were dried down on a shaker evaporator. The dry material was
then incubated with 50 mM glycolic acid in the presence of 50
mM EDC and 2.5 mM sulfo-NHS in 50 mM MOPS, pH 7.5, in a
final volume of 100 �l. The sample was processed as described
above for preparation of [glycolyl-3H]GlcNGc, but a 1-ml
Dowex-50 column was used here. The final yield of [14C]-
GlcNGc was 0.98MBq (53.0%), and the identity was confirmed
byHPLC, demonstrating co-elution with [glycolyl-3H]GlcNGc.

Preparation of [glycolyl-3H]GlcNGc-6-P

The [glycolyl-3H]GlcNGc-6-P was prepared from [3H]gly-
colic acid andGlcNH2-6-P. In a 200-�l final volume, 3.7MBqof
[3H]glycolic acid were incubated in the presence of 10 mM

GlcNH2-6-P, 100mMEDC, and 5mMsulfo-NHS inPBS, pH7.5.
The reaction mixture was incubated for 15 min at room tem-
perature and thereafter diluted to 1 ml with water. Subse-
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quently, the sample was applied onto a 1 ml Dowex-50 (AG-
50W-X2) columnpre-equilibratedwithwater. The columnwas
washed with 5 CV of water, and the run-through was pooled
with the water washes. This pool was applied onto a 1 ml
Dowex-1 column (AG-1-X8), pre-equilibrated with water. The
column was washed with 5 CV water followed by 5 CV of 1 M

formic acid. The [glycolyl-3H]GlcNGc-6-P was subsequently
eluted with 5 CV of 5 M formic acid. The formic acid was driven
off by using a shaker evaporator. The final yield of synthesized
[glycolyl-3H]GlcNGc-6-P was 0.392 MBq (10.6%), and the
identity of the compound was confirmed by HPLC, revealing
co-elution with chemically well characterized nonlabeled
GlcNGc-6-P.

Preparation of [glycolyl-3H]Neu5Gc

Previously described protocols for synthesis of radiolabeled
Neu5Gc (59) have beenmodified to achieve a compound exclu-
sively labeled in theN-glycolyl group. The [glycolyl-3H]Neu5Gc
was prepared from [glycolyl-3H]ManNGcby enzymatic conver-
sion using theN-acetylneuraminate pyruvate-lyase (EC 4.1.3.3)
from Pasteurella multocida. A His6-tagged version of the
enzymewas recombinantly expressed and purified as described
previously (60). In a total volume of 100 �l, 456 MBq [glycolyl-
3H]ManNGc were incubated with 33.67 �g of purified
N-acetylneuraminate pyruvate-lyase in the presence of 100mM

Tris-HCl, pH 7.5 and 200 mM sodium pyruvate. The reaction
was incubated at 37 °C for 20 h with mixing and thereafter
quenched by diluting to 5 ml with water. The [glycolyl-
3H]Neu5Gc was purified from nonreacted [glycolyl-
3H]ManNGc by passing the sample through a 2 ml column of
AG-50-X2 (H� form). The flow-through and 5 CV water
washes were collected and combined. This effluent was then
loaded onto a 2 ml column of AG-1-X8 (formate form) equili-
brated in water. The column was washed with 5 CV of water
followed by 7 ml of 10 mM formic acid and finally eluted into a
separate tube with 10 ml of 1 M formic acid. The eluate was
dried down to remove formic acid. The final [glycolyl-
3H]Neu5Gc preparation was dissolved in water. Recovery was
followed by counting an aliquot of each fraction at each step of
the purification process. Final yield was found to be 70 MBq
(15.4%). The identity of [glycolyl-3H]Neu5Gcwas confirmed by
co-elution with commercial Neu5Gc (Inalco) by HPLC as
described above.

RESULTS AND DISCUSSION

Embryonic Fibroblasts from Cmah�/� Mice Do Not Synthe-
size Neu5Gc—CMAH is the only enzyme currently known to
synthesizeNeu5Gc (6–13). Early studies of other possible alter-
native pathways suggested the lack of involvement of hydroxy-
pyruvate or glycolyl-CoA in the biosynthesis of the N-glycolyl
group of Neu5Gc (61). Despite this, the presence of Neu5Gc in
somehuman tissues and tumors caused others to again raise the
possibility of such alternate pathways for Neu5Gc de novo bio-
synthesis (62, 63). However, tissues fromCmah�/� mice with a
human-like defect in the gene encoding CMAH were found to
be devoid of staining with a polyclonal mono-specific anti-
Neu5Gc chicken IgY antibody (anti-Neu5Gc IgY) (18), which is
known to detect all types of Neu5Gc-bearing glycans studied so

far (25). This indicates that hydroxylation of CMP-Neu5Ac cat-
alyzed by the CMAH enzyme may be the only pathway for de
novo biosynthesis of Neu5Gc in mammals. To further investi-
gate this matter on a cellular level and finally rule out the exis-
tence of additional pathways for de novo biosynthesis of
Neu5Gc inmammals, we generated embryonic fibroblasts from
Cmah�/� mice that were immortalized using a human papil-
loma virus (49, 50) as described under “Experimental Proce-
dures.” When these cells were cultured in the presence of fetal
calf serum (FCS), they did show low levels of Neu5Gc (1.0% of
total Sias as analyzed by DMB-HPLC as well as glycosidically
bound cell-surface Neu5Gc, as detected by flow cytometry
using the anti-Neu5Gc IgY (Fig. 1A)). However, this Neu5Gc
likely originates from bovine glycoconjugates present in the
FCS (27). The Neu5Gc content of these cells could be rendered
even higher when the feedingmedia were supplemented with 5
mM free Neu5Gc (81.3% of total Sias as analyzed by DMB-
HPLC and becoming easily detectable by flow cytometry (Fig.
1A)). In both instances, the Neu5Gc is likely taken up via mac-
ropinocytosis and delivered to the cytosol via the lysosomal
sialin transporter (27). When the same cells were instead cul-
tured under Neu5Gc-free conditions as described under
“Experimental Procedures,” there was a complete absence of
detectable Neu5Gc by DMB-HPLC (less than 0.1% Neu5Gc in
total sialic acids, which represents the lower limit of detection
above background). Taken together, these results clearly indi-
cate that de novo biosynthesis of Neu5Gc in mouse cells is
dependent on the presence of a functional CMAH enzyme.
Exogenous Glycolate Does Not Contribute to the N-Glycolyl

Group of Neu5Gc in CMAH-deficient Human orMouse Cells—
Even though humans lack a functional CMAH enzyme, the
presence of Neu5Gc has been conclusively shown especially on
various human cancer types (24, 26, 38, 64). Although early
studies did not favor the idea (61), other authors subsequently
again raised the possibility that glycolyl-CoA might contribute
to de novo biosynthesis of Neu5Gc in various human tumors
(24, 62, 63). To re-address this matter, Cmah�/� fibroblasts
and human THP-I cells were cultured under Neu5Gc-free con-
ditions, and the feedingmedia were then supplementedwith 10
mM free glycolic acid. Analysis of total cell lysates was per-
formed by DMB-HPLC, and no Neu5Gc could be detected. In
line with these results, no cell-surface glycosidically bound
Neu5Gc was detectable by flow cytometry analyses with anti-
Neu5Gc IgY (Fig. 1, B–C). In parallel studies, [3H]glycolic acid
was synthesized as described under “Experimental Procedures”
and used to supplement the Neu5Gc-free media of Cmah�/�

fibroblasts and human THP-I cells. Free and bound monosac-
charideswere prepared from these cells, and unlabeledNeu5Gc
was added as an internal standard. Subsequently, samples were
analyzed by HPLC followed by HPAEC-PAD and scintillation
counting in parallel. The overlays of the resulting elution spec-
tra revealed no significant peak of [glycolyl-3H]Neu5Gc in
either of the samples (supplemental Fig. S3 and Fig. S4). How-
ever, various other unknown radiolabeled peaks were detected,
confirming that [3H]glycolic acid was taken up and metaboli-
cally utilized by the cells. Furthermore, when the human mela-
noma cell line M-21 was incubated with glycolic acid under
Neu5Gc-free conditions and analyzed by the most sensitive
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method (flow cytometry), these cells were also found to be
devoid of Neu5Gc (Fig. 1D). Finally, we studied the human
B-cell lymphoma cell line BJAB-K20,which lacksUDP-GlcNAc
2�-epimerase activity (54) and consequently does not synthe-
size its own sialic acids. This cell line should better reveal any
minor alternative de novo biosynthetic pathway to yield
Neu5Gc, because of the lack of competition by themajor CMP-
Neu5Ac-based pathway in these cells. However, in linewith our
previous experiments, no detectable amount of cell-surface
Neu5Gc was found by flow cytometry using the anti-Neu5Gc
IgY, with or without addition of glycolic acid (Fig. 1E). Taken
together, these data indicate that glycolic acid does not serve as
a precursor for Neu5Gc in CMAH-deficient human andmouse
cells and that CMAH is likely the only endogenous source of
Neu5Gc production in mammalian cells. However, increased
levels of �-aminobutyric acid (GABA) have been found in var-
ious tumors (65–68), an additional precursor of glycolyl-CoA.
This led to the hypothesis that Neu5Gc might only be re-ex-
pressed under certain metabolic conditions found in tumors.
To model this situation, the cell lines THP-I, Cmah�/� fibro-
blasts, M-21, and BJA-B K20 described above were grown
under Neu5Gc-free conditions prior to exposing them to 10
mM free GABA and analyzed by flow cytometry with anti-
Neu5Gc IgY (supplemental Fig. S1). Again, none of the cell lines
was capable of synthesizing detectable amounts of Neu5Gc.
Thus, addition of free GABA in high concentrations does not
result in re-expression of Neu5Gc in CMAH-deficient mouse
cells or inmultiplemalignant human cell lines, making it highly
unlikely that this pathway exists in human tumors.
Elimination of Neu5Gc in Neu5Gc-loaded Cells Over Time—

Given the irreversible nature of the CMAH reaction (CMP-

Neu5Ac3CMP-Neu5Gc), animal cellsmust harbor a pathway
for degradation or elimination of Neu5Gc, to avoid accumula-
tion of this endogenousmolecule in excess. To date, however, a
metabolic pathway for the turnover of Neu5Gc has not been
reported. To address this question, human THP-I cells were
pulsed with exogenous Neu5Gc for 3 days and thereafter culti-
vated under Neu5Gc-free conditions to observe the fate of the
incorporated Neu5Gc over time. Total cell lysates were pre-
pared and analyzed by DMB-HPLC showing that almost 55%
of total Sia was Neu5Gc after the initial pulse (1340.6 pmol of
Neu5Gc and 1099.9 pmol of Neu5Ac, respectively). During
the subsequent chase, the cells were found to lose loaded
Neu5Gc over time (Fig. 2A). It is of course possible that cells
simply excrete some of the loaded Neu5Gc in bound or free
form as recently suggested by Inoue et al. (69). Unfortu-
nately, high salt concentrations and a huge excess of Neu5Ac
in the media did not allow reliable sensitive detection of
small amounts of Neu5Gc in the media during the pulse-
chase experiment. Regardless, evolution commonly shapes
highly energy-efficient systems. Cells that have metabolic
pathways to synthesize a certain structure commonly also
harbor the enzymatic machinery to degrade and recycle it. It
is an adjustable equilibrium carefully regulated by metabolic
cross-talk. Therefore, the loss of Neu5Gc from loaded cells
over time indicates that mammalian cells likely harbor an as
yet unknown pathway for the turnover of Neu5Gc.
Conceivable Pathway for the Metabolic Turnover of Excess

Neu5Gc in Mammalian Cells—Based on the well studied
metabolism of N-acetylhexosamines in mammalian cells, we
considered a pathway for degradation of excess Neu5Gc (Fig.
2B) involving the following four steps. (a) Conversion of

FIGURE 1. CMAH-deficient human and mouse cells do not synthesize Neu5Gc de novo. A, murine Cmah�/� fibroblasts were cultivated under Neu5Gc-free
conditions using 5% human serum. Thereafter, the feeding media were supplemented with either 5 mM Neu5Gc (positive control; shaded dark gray) or human
serum was substituted by 10% fetal calf serum (FCS; dotted gray line) to analyze if cells are capable of incorporating exogenous Neu5Gc from the medium
supplement FCS. In parallel, cells were kept in 5% human serum without feeding (negative control; black line). After 3 days of feeding, cells were harvested and
analyzed by flow cytometry using the polyclonal chicken anti-Neu5Gc antibody (anti-Neu5Gc IgY (25)) 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 Cmah�/� fibroblasts. B, to investigate whether increased glycolic acid levels will result in de novo biosynthesis of Neu5Gc in
Neu5Gc-deficient Cmah�/� fibroblasts, cells were also fed with 10 mM glycolic acid in the media. Cells were treated and detected for Neu5Gc by flow cytometry
in parallel to all controls as described above. Also, human THP-I cells (C), M-21 cells (D), and human B-cell lymphoma cells BJA-B K20 (E) were analyzed for their
ability to express cell-surface Neu5Gc after feeding with 10 mM glycolic acid by flow cytometry as described above.
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Neu5Gc into N-glycolylmannosamine (ManNGc) was cata-
lyzed by the N-acetylneuraminate pyruvate-lyase (EC 4.1.3.3).
The respective lyase enzymes from pig kidney and human
erythrocytes have already been demonstrated to degrade
Neu5Gc. Compared with the substrate Neu5Ac (100%),
Neu5Gc was cleaved at relative rates of 47–65% by such
enzymes (41, 42, 70–72). (b) Subsequent epimerization was
from ManNGc toward N-glycolylglucosamine (GlcNGc),

which is potentially catalyzed by the GlcNAc 2�-epimerase (EC
5.1.3.8). Interestingly, the GlcNAc 2�-epimerase isolated from
pig kidney has been mentioned previously to be able to inter-
convertManNGc and GlcNGc (73). Moreover, GlcNAc 2�-epi-
merase was found to have a pronounced catabolic role with
regard to the substratesManNAc/GlcNAc, divertingmetabolic
flux away from sialic acids (74). (c) The next step would involve
phosphorylation of GlcNGc in the 6 position by action of the
GlcNAc kinase (EC 2.7.1.59) resulting in the formation of
N-glycolylglucosamine 6-phosphate (GlcNGc-6-P) (75, 76). (d)
We hypothesize that theN-glycolyl group can then be irrevers-
ibly removed fromGlcNGc-6-P by theGlcNAc-6-P deacetylase
(EC 3.5.1.25) similar to de-N-acetylation of GlcNAc-6-P (76,
77). This would result in the formation of the two common
metabolites glucosamine 6-phosphate (GlcNH2-6-P), a precur-
sor, e.g. for glycolysis, and glycolate, amolecule able to enter the
citric acid cycle.
Synthesis of Radiolabeled and Nonlabeled Compounds—To

study the Neu5Gc-degrading pathway predicted above, radio-
labeled and nonlabeled versions of all putative intermediates
were prepared using chemical and enzymatic protocols. Briefly,
nonlabeled N-glycolylated hexosamines were prepared by
reaction of the 2-amino-2-deoxyhexosamine with acetoxyace-
tylchloride under basic aqueous conditions followed by purifi-
cation using ion-exchange resin chromatography. Per-O-acety-
lated analogs were prepared using acetic anhydride under basic
aqueous additions and isolated by drying under vacuum with-
out further purification. Nonlabeled Neu5Gc was prepared as
per a previously described protocol (55). With regard to the
radiolabeled material, we first synthesized [3H]glycolic acid
starting from glyoxylate and [3H]NaBH4. The [3H]glycolic acid
was then used to prepare [glycolyl-3H]ManNGc, [glycolyl-
3H]GlcNGc, and [glycolyl-3H]GlcNGc-6-P, and finally [glyco-
lyl-3H]Neu5Gc from [glycolyl-3H]ManNGc as described under
“Experimental Procedures.” Thus, all compounds carry the
radiolabel exclusively in the N-glycolyl group, which allows
tracking the pathway. Next, a method was developed to sepa-
rate all intermediates of the predicted pathway by HPLC using
a PA-1 column under alkaline conditions (supplemental Fig.
S2). Subsequently, the identity of all synthesized radiolabeled
compoundswas confirmedbyHPLC, observing co-elutionwith
their chemically well characterized, nonlabeled counterparts
(data not shown). As glycolate cannot be detected by HPAEC-
PADdue to the lack of ionizable hydroxyl groups, the identity of
synthesized [3H]glycolic acid was confirmed by co-elution with
commercial [14C]glycolic acid. The elution profile of a standard
mixture containing [3H]ManNGc, [14C]GlcNGc, [3H]GlcNGc-
6-P, [3H]glycolic acid, and [14C] glycolic acid confirms separa-
tion of all pathway intermediates (Fig. 3A).
Evidence for the Predicted Neu5Gc-degrading Pathway in

Mouse Tissue Cytosolic Extracts—To study the predicted
Neu5Gc-degrading pathway, a fresh cytosolic extract from
mouse liver was prepared and incubated in the presence of the
synthesized radiolabeled compounds described above. Subse-
quently, the reactionmixtureswere analyzed byHPLC followed
by scintillation counting to identify the reaction products (Fig. 3
and supplemental Fig. S2). Incubation of [3H]ManNGc in the
presence of fresh cytosolic extract resulted in formation of

FIGURE 2. Elimination of Neu5Gc in Neu5Gc-loaded cells over time.
A, human THP-I cells were cultivated under Neu5Gc-free conditions using 5%
human serum and confirmed to be devoid of detectable Neu5Gc. Thereafter,
the feeding medium was supplemented with 5 mM Neu5Gc. After 3 days, the
feeding media were removed, and cells were washed well, split equally into
10 aliquots, and grown under Neu5Gc-free conditions for up to 28 days. Addi-
tional media were added at day 7 and later as necessary. At different time
points of the chase, all cells grown in one of the aliquots were harvested
and pellets stored at �20 °C. DMB-HPLC analysis was performed once all time
points were collected. For DMB-HPLC analysis, total cell lysates were pre-
pared, and the Neu5Gc contents were determined after mild acid hydrolysis.
The total Neu5Gc content of each cell pellet was calculated and is depicted as
pmol of Neu5Gc over time. B, proposed pathway for the metabolic turnover
of excess Neu5Gc in mammalian cells. Neu5Gc is known be a substrate for the
pyruvate lyase, which results in the formation of ManNGc (a) (41, 42). Follow-
ing epimerization from ManNGc toward GlcNGc, which is potentially cata-
lyzed by the GlcNAc-2�-epimerase (b) (73, 74, 90), phosphorylation of GlcNGc
in the 6 position might occur by action of the GlcNAc kinase (c) (75, 76) result-
ing in the formation of GlcNGc-6-P. Thereafter, the N-glycolyl group might be
irreversibly removed from GlcNGc-6-P by the GlcNAc-6-P deacetylase (d) (76,
77), which would result in GlcNH2-6-P, a precursor e.g. for glycolysis, and gly-
colate, a molecule able to enter the citric acid cycle via glyoxylate.
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[3H]GlcNGc, demonstrating the presence of the predicted
GlcNAc 2�-epimerase activity in the tissue extracts (Fig. 3B).
The almost complete conversion toward [3H]GlcNGc is in line
with the marked preferential catabolic properties of the
GlcNAc 2�-epimerase enzyme described previously (74). The
lack of further conversion toward GlcNGc-6-P and glycolate is
likely explained by the absence of ATP, which is a required
cofactor for the GlcNAc kinase to catalyze the 6-phosphoryla-
tion of GlcNGc. We assumed that unstable endogenous ATP
from the fresh mouse liver might have degraded during the
preparation of the cytosolic extracts. Indeed, incubation of
[3H]ManNGc in the presence of additional ATP resulted in
formation of small amounts of [3H]GlcNGc-6-P and [3H]glyco-
late, but [3H]GlcNGc remained by far the predominant product

(data not shown). Of note, GlcNH2-6-P cannot be observed in
this assay as it no longer carries the radiolabeled N-glycolyl
moiety.We assumed that the GlcNAc kinase activity might not
be completely preserved in the reaction mixture by the time
enough [3H]GlcNGc had formed. To test this, [3H]ManNGc
was first preincubated with cytosolic extracts alone before ATP
and additional fresh tissue extract were added. Indeed, signifi-
cant amounts of [3H]glycolate were now detectable among the
reaction products (Fig. 3C). Conversion toward [3H]glycolate
was even more pronounced when [3H]GlcNGc was incubated
directly with cytosolic extracts in the presence of ATP (Fig. 3D),
indicating that the GlcNAc kinase was indeed unstable in the
reaction conditions. In this experiment, [3H]glycolate repre-
sents the main reaction product (Fig. 3D), and the predicted

FIGURE 3. Evidence for the predicted Neu5Gc-degrading pathway in murine tissue cytosolic extracts. To study the putative degradative pathway of
Neu5Gc, all predicted intermediates harboring a radiolabel in the N-glycolyl group were prepared. A, separation of [3H]ManNGc, [14C]GlcNGc, [3H]GlcNGc-6-P,
and [3H]glycolate and commercially available [14C]glycolate was achieved by HPLC under alkaline conditions using a PA-1 column. Fractions (0.5 ml) were
collected, and radioactivity was determined by scintillation counting. The elution profile of 3H radioactivity refers to the left y axis (black symbols and line) and
14C radioactivity (gray symbols and line) is depicted on the right y axis. B, freshly prepared mouse liver cytosolic extracts were incubated with [3H]ManNGc for
6 h at 37 °C. The reaction was quenched by addition of ethanol (70% final) and subsequent precipitation at �20 °C overnight. The supernatant was supple-
mented with [14C]GlcNGc as an internal standard, followed by HPLC analysis and subsequent scintillation counting as described above. The elution profile
reveals 3H radioactivity (black symbols and line) derived from the [3H]ManNGc in the sample on the left y axis, and 14C radioactivity (gray symbols and line) from
the internal standard is shown on the right y axis. C, freshly prepared mouse liver cytosolic extracts were incubated with [3H]ManNGc for 6 h at 37 °C. To ensure
the presence of ATP to allow the putative kinase reaction (GlcNGc3 GlcNGc-6-P), 5 mM ATP, 10 mM MgCl2, and additional lysate were added at 6 h, and the
reaction mixture was incubated for another 6 h at 37 °C. Thereafter, the reaction mixture was analyzed and depicted as described for B. [14C]GlcNGc and
[14C]glycolate were added as internal standards. Notably, the predicted pathway intermediate GlcNH2-6-P cannot be detected in this assay as the radiolabels
are placed in the N-glycolyl groups exclusively. D, freshly prepared mouse liver cytosolic extracts were incubated with [3H]GlcNGc in the presence of 5 mM ATP
and 10 mM MgCl2 for 6 h at 37 °C. The sample was worked up, analyzed, and presented as mentioned above in B. E, freshly prepared mouse liver cytosolic
extracts were incubated with [3H]GlcNGc-6-P for 6 h at 37 °C. The reaction mixture was analyzed and depicted as described in B. F, freshly prepared mouse liver
cytosolic extracts were incubated with [3H]Neu5Gc for 6 h at 37 °C. Thereafter, 5 mM ATP, 10 mM MgCl2, and additional lysate were added as described in C, and
the reaction mixture was incubated for another 6 h at 37 °C. Thereafter, the reaction mixture was analyzed and depicted as described for B. The displayed data
are representative of at least three independent experiments.
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intermediate GlcNGc-6-P was detectable at significantly lower
levels among the reaction products. To test if glycolate is indeed
released fromGlcNGc-6-P, [3H]GlcNGc-6-Pwas directly incu-
bated in the presence of cytosolic extracts. As predicted,
[3H]glycolate represents the main product (Fig. 3E), indicating
that theN-glycolyl group can be irreversibly removed by action
of the GlcNAc-6-P deacetylase enzyme. The occurrence of
GlcNGc among the reaction products is likely explained by
nonspecific phosphatases known to be present in tissue ex-
tracts (Fig. 3E). In line with the almost complete conversion of
[3H]ManNGc to [3H]GlcNGc (Fig. 3B), incubation of
[3H]Neu5Gc with cytosolic extracts in the absence of ATP only
resulted in formation of [3H]GlcNGc (data not shown). How-
ever, when [3H]Neu5Gc was first preincubated with cytosolic
extracts before the reaction mixture was supplemented with
ATP and additional fresh cytosolic extracts, significant release
of [3H]glycolate was observed (Fig. 3F). This provides strong
evidence that the predicted Neu5Gc-degrading pathway was
indeed qualified to eliminate excess Neu5Gc from mammalian
cells, and all enzymes involved tolerate substrates with an
N-glycolyl group, at least to some extent. In addition, no direct
de-N-glycolylation of either [3H]Neu5Gc or its immediate
breakdown product [3H]ManNGc was observed when incu-
bated with mouse liver cytosolic extracts (Fig. 3B), suggesting
that no such unknown direct enzyme activity exists.
Of course, this somewhat artificial system using cytosolic

extracts from murine liver is not meant to represent the actual
kinetics of the Neu5Gc-degrading pathway as careful cellular
control of the metabolic flux cannot be assumed to be pre-
served. Moreover, the obvious lack of compartmentalization in
such cytosolic extracts of course hinders activation of Neu5Gc
by the CMP-sialic acid synthetase, which would predominantly
take place in the nucleus (78, 79). The absence of this alternative
metabolic route likely drives theNeu5Gc-degrading pathway in
the cytosolic extracts.
Enzymatic Phosphorylation of GlcNGc to Generate GlcNGc-

6-P Is Catalyzed by theGlcNAcKinase—Conversion ofNeu5Gc
to ManNGc catalyzed by mammalian N-acetylneuraminate
pyruvate-lyases has been conclusively demonstrated previously
using the respective lyase enzymes from pig kidney and human
erythrocytes (41, 42, 70–72). The GlcNAc 2�-epimerase from
pig kidney has also beenmentioned previously to catalyze inter-
conversion of ManNGc and GlcNGc (73). Moreover, almost
complete conversion of [3H]ManNGc toward [3H]GlcNGc was
observed inmurine tissue cytosolic extracts as described above,
and this finding is in line with the pronounced catabolic role
suggested for theGlcNAc 2�-epimerase to divertmetabolic flux
away from sialic acids (74). Taken together, the first two steps of
the predicted Neu5Gc-degrading pathway have been conclu-
sively demonstrated to take place.However, the predicted path-
way intermediate GlcNGc-6-P potentially resulting from sub-
sequent phosphorylation of GlcNGc was not observed in
significant amounts by studying murine liver cytosolic extracts
(Fig. 3,C,D, and F). Thus, we next turned to prove the existence
of this proposed degradative step using the recombinant
enzyme. Therefore, human NAGK gene encoding the GlcNAc
kinase was cloned into pGEX-2T vector, recombinantly
expressed in E. coli BL21(DE3), and purified via an N-terminal

GST fusion part as described previously (43, 44). An activity
assay was set up (43) with the isolated recombinant GlcNAc
kinase and either GlcNAc or synthesizedGlcNGc as substrates.
The reaction mixture was then analyzed by HPLC with
HPAEC-PAD as described above (supplemental Fig. S2). Con-
version of GlcNAc into GlcNAc-6-P confirmed that recombi-
nant human GlcNAc kinase was isolated in an active form (Fig.

FIGURE 4. Purified recombinant human GlcNAc kinase NagK phosphory-
lates GlcNGc. Purified recombinant human GlcNAc kinase NagK was incu-
bated with either 1 mM commercially available GlcNAc or 1 mM synthesized
GlcNGc in the presence of 50 mM Tris-HCl pH 7.5, 10 mM MgCl2, 5 mM ATP, and
5 mM DTT for 1 h at 37 °C. Reactions were quenched with ethanol (70% final),
and the protein was precipitated overnight. The filtered supernatants were
analyzed by HPAEC-PAD HPLC under alkaline conditions using a PA-1 col-
umn. A, 1 �g of GlcNAc-6-P standard. B, NagK reaction mixture with GlcNAc as
the substrate. C, 1 �g of GlcNGc-6-P standard. D, NagK reaction mixture with
GlcNGc as the substrate. E, control reaction lacking substrates to determine
the background arising from the NagK enzyme preparation.
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4,A andB).Moreover, recombinant humanGlcNAc kinase also
acted on GlcNGc, which resulted in the formation of GlcNGc-
6-P as predicted (Fig. 4, C and D) clearly demonstrating that
human GlcNAc kinase tolerates the N-glycolyl group. The low
abundance of the pathway intermediate [3H]GlcNGc-6-P in the
study using tissue extracts may thus be explained by metabolic
equilibrium, i.e. the irreversible nature of the following de-N-
glycolylation reaction; but this does not necessarily reflect the
situation in vivo.
Human GlcNAc-6-P Deacetylase Removes the N-glycolyl

Group of GlcNGc-6-P—The final step of the proposed
Neu5Gc-degrading pathway involves irreversible de-N-gly-
colylation of GlcNGc-6-P to yield glucosamine 6-phosphate
(which could be further metabolized to fructose-6-P and glu-
cose-6-P to enter glycolysis) and glycolate (which can enter
the citric acid cycle via glyoxylate). Although release of
[3H]glycolate was observed when murine tissue extracts were
incubated with [3H]Neu5Gc, [3H]ManNGc, [3H]GlcNGc, or
[3H]GlcNGc-6-P (Fig. 3, C–F), simple nonenzymatic break-
down cannot yet be unambiguously excluded. Thus, we next
aimed to prove that the predicted GlcNAc-6-P deacetylase
enzyme is required for this degradative step. Therefore, the

human AMDHD2 gene predicted to encode GlcNAc-6-P
deacetylase was cloned into a modified pET22b vector,
expressed in E. coli BL21(DE3), and purified via the C-terminal
hexahistidine (His6) tag using immobilized metal affinity chro-
matography followed by dialysis. For the first time, we report
recombinant expression and purification of human
GlcNAc-6-P deacetylase in high yield (38.1 mg/liter) with only
minor impurities (Fig. 5A). To confirm that the isolated enzyme
is functional, activity assays were set up using either
GlcNAc-6-P or GlcNGc-6-P as substrates. At first, reaction
productswere separated by descending paper chromatography,
and the sugars were subsequently visualized by silver staining.
Enzymatic activity was observed toward both substrates dem-
onstrated by the occurrence of a shifted band, which co-mi-
grates with the expected reaction product GlcNH2-6-P (Fig.
5B). This result confirms that active recombinant human
GlcNAc-6-P deacetylase was purified. Activity of isolated
GlcNAc-6-P deacetylase toward GlcNAc-6-P and GlcNGc-6-P
was further evaluated in an additional activity assay. To control
for nonenzymatic decay of the substrates over time, equivalent
reactions were set up using heat-inactivated enzyme. The reac-
tion products were analyzed at different time points by HPLC

FIGURE 5. Purified recombinant human GlcNAc-6-P deacetylase was purified and shown to remove the N-glycolyl group of GlcNGc-6-P. A, human
GlcNAc-6-P deacetylase was cloned into pET22b vector, expressed in E. coli BL21(DE3) carrying a C-terminal hexahistidine tag, and isolated using immobilized
metal affinity chromatography followed by dialysis. Steps of the purification process were analyzed by 10% SDS-PAGE followed by Coomassie staining (upper
panel) or Western blot detection using anti-His antibody (lower panel). Shown are aliquots of the bacterial lysate (lane 1), run-through (lane 2), wash fraction
(lane 3), enzyme-containing fractions eluted from the immobilized metal affinity chromatography column (lanes 4 –9), and the pool of enzyme-containing
fractions before (lane 10) and after (lane 11) dialysis. B, activity assays to demonstrate enzymatic activity of the purified recombinant human GlcNAc-6-P
deacetylase were set up with either commercially available GlcNAc-6-P or synthesized GlcNGc-6-P as substrates. Aliquots of the reaction mixtures at 0 and 120
min were analyzed by descending paper chromatography followed by silver staining. As a standard (STD), the expected reaction product GlcNH2-6-P was
analyzed as well as GlcNGc. C, purified recombinant human GlcNAc-6-P deacetylase was incubated with either 2 mM commercial GlcNAc-6-P or �2 mM

synthesized GlcNGc-6-P in the presence of 25 mM Tris-HCl pH 7.5, and 1 mM DTT at 37 °C. At different time points, aliquots were removed; the enzymatic reaction
was quenched by addition of ethanol (70% final), and the protein was precipitated overnight. The supernatants were dried down, resuspended in water, and
analyzed by HPAEC-PAD HPLC under alkaline conditions using a PA-1 column. The areas under the substrate and product peaks were determined, and the
conversion into GlcNH2-6-P was calculated for all time points. The graph represents the conversion of the substrates, GlcNAc-6-P (black symbols and line) and
GlcNGc-6-P (gray symbols and line), into the product GlcNH2-6-P over time in percent. To control for nonenzymatic decay of the substrates over time, equivalent
reactions were set up using heat-inactivated enzyme. No detectable decomposition of the substrates was found when incubating GlcNAc-6-P (black dotted
line) or GlcNGc-6-P (gray dotted line).
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using HPAEC-PAD, and the areas under the substrate and
product peaks were determined to calculate conversion into
GlcNH2-6-P at all time points (Fig. 5C). Enzymatic activity of
the recombinant human GlcNAc-6-P deacetylase was
observed toward both tested substrates. Although reactivity
toward GlcNGc-6-P appears to be slightly lower as com-
pared with GlcNAc-6-P, both reactions occur in the same
range clearly suggesting that the predicted last step of the
Neu5Gc-degrading pathway is to occur in vivo.
Proposed Neu5Gc-degrading Pathway Occurs in Human

Cells—To further prove that the predicted Neu5Gc-degrad-
ing pathway actually occurs in vivo, the culturing media of
human THP-I cells was supplemented with [3H]Neu5Gc,
[3H]ManNGc, or [3H]GlcNGc. After labeling, cells were har-
vested; the lysateswere cleanedupby ethanol precipitation, and
a compositional analysis of the subsequent supernatant was
performed by HPLC followed by scintillation counting. In gen-
eral, uptake of such radiolabeled compounds with their low
molarities into the cells was very poor, which is likely due to the
lack of specific transporters in the cell membrane. Hence, after
feeding cells with [3H]Neu5Gc, no significant radioactive sig-
nals of breakdown products were detectable (data not shown).
The extremely low uptake observed for [3H]Neu5Gc might
have been worsened by the high concentration of competing
Neu5Ac in the culture media derived from the 5% human
serum supplement. However, detectable amounts of
[3H]ManNGc were taken up by the cells, and subsequent anal-
ysis by HPLC revealed that THP-I cells converted
[3H]ManNGc into [3H]GlcNGc and [3H]glycolate, respectively
(Fig. 6A). Even better uptake was observed when cells were
incubated with [3H]GlcNGc. HPLC analysis demonstrated that
human THP-I cells partially converted [3H]GlcNGc into
[3H]GlcNGc-6-P and [3H]glycolate (Fig. 6B). Moreover, even
small amounts of [3H]ManNGc were detectable among the
products (Fig. 6B), highlighting oncemore the pronounced cat-
abolic function of the GlcNAc 2�-epimerase. In light of the
already well described ability of human erythrocytes to convert
Neu5Gc into ManNGc (41), the above results clearly demon-
strate that the predicted Neu5Gc-degrading pathway takes
place in human cells. In general, results from cell feedings var-
ied greatly between experiments with regard to the efficiency of
uptake and the ratios of the products. This likely suggests that
themetabolic state of the cells impacts uptake, regulation of the
Neu5Gc-degrading pathway, and its interplay with cellular
metabolism.
Predicted Neu5Gc-degrading Pathway Is Only Partially

Reversible—The GlcNAc-6-P deacetylase reaction is not
reversible, and our earlier finding that exogenously added gly-
colate in high amounts does not yield de novo biosynthesis of
Neu5Gc indicated that glycolyl groups cannot be added back to
GlcNH2-6-P. However, the other steps of the degradative path-
way are potentially reversible. The human sialate pyruvate-
lyase has already been demonstrated to cleaveNeu5Gc at�60%
of the rate obtained for Neu5Ac (41), and cultured rodent neu-
ral cells have been demonstrated to efficiently incorporate per-
O-acetylatedManNGc (per-O-acetyl-ManNGc) from the feed-
ing media and convert it to Neu5Gc (80). Peracetylation has
previously been shown to greatly enhance uptake of carbohy-

drates in cells (81) and increased conversion of ManNGc into
Neu5Gc up to 100-fold (80). To further investigate the revers-
ibility of the Neu5Gc-degrading pathway, ManNGc (55),
GlcNGc, per-O-acetyl-ManNGc, and per-O-acetyl-GlcNGc
(Fig. 7A) were synthesized and used for feeding experiments of
THP-I cells and Cmah�/� fibroblasts (Fig. 7B). Loaded cells
were analyzed by flow cytometry using anti-Neu5Gc IgY (25).
In keeping with previous reports using other cell types, the
CMAH-deficient cells used in this study were able to convert
ManNGc or per-O-acetyl-ManNGc into Neu5Gc, which was
incorporated into cell-surface glycoconjugates (Fig. 7B). Inter-
estingly,Cmah�/� fibroblasts and THP-I cells were also able to
useGlcNGc as a precursor forNeu5Gcbiosynthesis, potentially
via epimerization toManNGc. Although 100�MGlcNGc in the
feedingmediawas insufficient to achieve detectable amounts of
cell-surface exposed Neu5Gc, 100 �M per-O-acetyl-GlcNGc
yielded a low but significant signal (Fig. 7C). However, increas-
ing the GlcNGc concentration in the feeding media to 10 mM

FIGURE 6. Proposed degradative pathway occurs in human cells. Human
THP-I cells were cultivated under Neu5Gc-free conditions using 5% human
serum. Thereafter, the culture medium was supplemented with either
[3H]ManNGc or [3H]GlcNGc. After 3 days, the feeding medium was removed,
and the cells were washed intensively with PBS. Subsequently, the cell pellets
were resuspended in hypotonic 10 mM Tris-HCl pH 7.5, and lysed by repetitive
freeze-thaw. Ethanol was added to a final concentration of 70%, and precip-
itation occurred at �20 °C overnight. The supernatant was supplemented
with internal standards and subsequently analyzed by HPLC under alkaline
conditions using a PA-1 column. Fractions (0.5 ml) were collected, and ra-
dioactivity was determined by scintillation counting. A, THP-I cells fed
with [3H]ManNGc were prepared and analyzed as described above.
[14C]GlcNGc and [14C]glycolate were added as internal standards prior to
HPLC analysis. The elution profile reveals 3H radioactivity (black symbols and
line) derived from the [3H]ManNGc in the sample on the left y axis, and 14C
radioactivity (gray symbols and line) from the internal standards is shown on
the right y axis. B, THP-I cells fed with [3H]GlcNGc were treated as described
above. [3H]Mannose (peak marked ***) was added as internal standard prior
to HPLC analysis.
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resulted in comparable amounts of cell-surface Neu5Gc, con-
firming that peracetylation significantly enhances uptake and
utilization of GlcNGc (Fig. 7C). The significantly lower levels of
detectable cell-surface Neu5Gc after feeding with GlcNGc,
compared with feeding withManNGc, are in line with previous
reports that the GlcNAc 2�-epimerase potentially catalyzing
inter-conversion ofManNGc andGlcNGc has a predominantly
catabolic function (74).
Conclusions and Future Perspectives—In this study, we dem-

onstrate thatmammalian cells harbor the enzymaticmachinery

to degrade Neu5Gc by sequential conversion into ManNGc,
GlcNGc, and GlcNGc-6-P. The final de-N-glycolylation step
results in formation of the ubiquitous well described metabo-
lites GlcNH2-6-P (which can enter glycolysis by further conver-
sion to fructose-6-P and glucose-6-P) and glycolate (which can
enter the citric acid cycle via glyoxylate). This proposed
Neu5Gc-degrading pathwaywas shown to occur to a significant
extent in CMAH-deficient human THP-I cells and wild-type
murine liver cytosolic extracts suggesting that the predicted
pathway is likely occurring in mammals in vivo. Although we

FIGURE 7. Proposed Neu5Gc-degrading pathway is partially reversible. A, synthesis of GlcNGc and peracetylated GlcNGc from a commercial source of
glucosamine. a, acetoxyacetyl chloride and aqueous sodium bicarbonate (yield � 94%). b, pyridine and acetic anhydride (yield � 90%). B, human THP-I cells
and murine Cmah�/� fibroblasts were cultivated under Neu5Gc-free conditions using 5% human serum. Thereafter, the feeding media were supplemented
with either 5 mM Neu5Gc (positive control; shaded dark gray) or synthesized ManNGc and GlcNGc derivatives. In parallel, cells were kept in 5% human serum
without feeding (negative control; black line). After 3 days of feeding, cells were harvested and analyzed by flow cytometry using anti-Neu5Gc IgY (25) 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). Histograms of THP-I cells (left panel) and Cmah�/� fibroblasts (right panel) are shown. Cells were fed either 100 �M

ManNGc (gray line), 10 mM ManNGc (dotted black line), or 100 �M per-O-acetylated ManNGc (per-O-acetyl-ManNGc) in addition to the controls described above.
C, flow cytometry analysis of THP-I cells (left panel) and Cmah�/� fibroblasts (right panel). Cells were incubated with either 100 �M GlcNGc (gray line), 10 mM

GlcNGc (dotted black line), or 100 �M peracetylated GlcNGc (per-O-acetyl-GlcNGc) in the feeding media. Experiments were done in parallel with the control
feedings explained above.
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demonstrate the presence of this Neu5Gc-degradingmetabolic
pathway, which may regulate Neu5Gc-levels in mammalian
cells, we do not exclude involvement of additional pathways for
elimination ofNeu5Gc from cells such as excretion ofNeu5Gc-
containing sialylated glycoconjugates (69) or less likely simple
excretion of the monosaccharide.
The identification of a Neu5Gc-degrading pathway in mam-

malian cells may help explain why Neu5Gc in humans only
accumulates in cells close to the bloodstream, which represents
the supply route of exogenous Neu5Gc in the absence of
CMAH activity (likely resorbed from the gut and originating
from foods (82)). If simple secretion ofNeu5Gc in free or bound
form were to be the major routes for mammalian cells to elim-
inate excess Neu5Gc, equal distribution of Neu5Gc expression
throughout human tissues would likely be the consequence
over time, due to continuous recycling of excreted Neu5Gc by
pinocytosis. However, this does not reflect the situation found
in humans (26). By contrast, Neu5Gc expression in humans and
Neu5Gc-loaded Cmah�/� mice is detectable in normal tissues
lining the blood vessels or in close proximity to blood vessels
(25, 26, 28) suggesting that exogenously derivedNeu5Gc enters
an equilibrium between uptake into cells depending on direct
supply and subsequent turnover, including irreversible degra-
dation. As growing tumors are highly vascularized and charac-
terized by high metabolism involving significantly increased
macropinocytosis (83–85), these malignant cells are likely tak-
ing upmore circulatingNeu5Gc as comparedwith surrounding
normal human cells at a time. Also, hypoxia up-regulates gene
expression of the lysosomal sialin transporter, which releases
free sialic acids into the cytosol (86). Together such mecha-
nisms likely explain why Neu5Gc was suggested to be a tumor-
specific antigen in the past when less sensitive detection meth-
ods did not yet reveal its lower abundance on normal human
cells (24, 26, 64).
Further studies are currently ongoing to investigate the

underlying kinetics of Neu5Gc incorporation and turnover
using the Cmah�/� mouse model (18). These studies should
reveal if Neu5Gc accumulation in humans represents a snap-
shot of the last meals (fast turnover) or reflects dietary prefer-
ences over the recent past (slow turnover). However, in the face
of the described Neu5Gc-degrading pathway, simple switching
to a Neu5Gc-free diet should likely eliminate already accumu-
lated Neu5Gc from the human body over time. Thus, adjusting
the diet may further support current treatment of diseases
involving chronic inflammation, which may be aggravated by
xenosialitis (reaction of human anti-Neu5Gc antibodies with
the non-human xeno-autoantigen Neu5Gc being expressed)
(31). An alternative approach involves eliminating Neu5Gc by
metabolic competitionwithNeu5Ac (87). In addition, epidemi-
ological studies comprising analysis of biopsy samples and
tumor sections from individuals on a Standard Western Diet
(which includes consumption ofNeu5Gc-rich foods such as red
meats), vegetarians (a diet that seem to be low in Neu5Gc), and
vegans (so far assumed to have a Neu5Gc-free diet) may reveal
a more detailed picture. These studies will likely also benefit
from the currently ongoing comprehensive analyses on the
Neu5Gc content of food products and the results in the accom-
panying paper (28) regarding the mechanisms of Neu5Gc

uptake from the gastrointestinal tract. Additional companion
papers report on the incorporation ofGlcNGc inO-linkage into
nucleocytoplasmic proteins (88) and the tolerance ofmetabolic
pathways for N-glycolylhexosamines (89).
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SUPPLEMENTAL FIGURE 1        Bergfeld et al. 

 

 
 
FIGURE S1: Various human cell lines were shown to be devoid of Neu5Gc de novo biosynthesis. 
Murine Cmah-/- fibroblasts, human THP-I cells, human melanoma cell line M21 as well as human B-cell 
lymphoma cell line BJAB-K20 were cultivated under Neu5Gc-free conditions using 5% human serum. 
The feeding media were supplemented with either 5mM Neu5Gc (positive control; shaded dark grey) or 
10mM γ-Aminobutyric acid (GABA; dotted grey line). In parallel, cells were kept in 5% human serum 
with no additional supplements (negative control; black line). After 3 days incubation, cells were 
harvested and analyzed by flow cytometry using the polyclonal chicken anti-Neu5Gc antibody (αNeu5Gc 
IgY; {Diaz et al., 2009, #65670}) to sensitively detect cell-surface glycosidically-bound Neu5Gc. As an 
additional negative control, cells fed with 5mM Neu5Gc were also stained with control chicken IgY 
antibody (control IgY, shaded light grey). A, THP-I cells. B, Cmah-/- fibroblasts. C, M21-cells. D, BJA-B 
K20 cells. 
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SUPPLEMENTAL FIGURE 2        Bergfeld et al. 

 

 
 
 
FIGURE S2: HPAEC-PAD HPLC analyses. A, Profile of the gradient used to separate N-
glycolylhexosamine intermediates of the proposed degradative pathway by HPLC using a PA-1 column 
under alkaline conditions. The gradient is composed of several individual linear gradients and the 
concentration of sodium hydroxide (NaOH, grey line) and sodium acetate (NaOAc, black line) is depicted 
for the whole gradient. The flow rate was set to 1ml/min. B, summary mentioning exact concentrations of 
NaOH and NaOAc at the start- and end-points of all linear gradients involved in the method. C, elution 
profile of PA-1 column using the gradient described above. Loaded compounds include synthesized 
Neu5Gc, ManNGc, GlcNGc, and GlcNGc 6-P as well as commercial GlcNAc, GlcNAc 6-P, and GlcNH2 
6-P.  
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SUPPLEMENTAL FIGURE 3        Bergfeld et al. 

 

 
 

FIGURE S3. THP-I cells incorporate [3H]glycolic acid into multiple structures but do not use it as a 
precursor for Neu5Gc synthesis. Human THP-I cells were cultivated under Neu5Gc-free conditions 
using 5% human serum and thereafter the feeding medium was supplemented with synthesized 
[3H]glycolic acid. After 3 days, the feeding medium was removed, and the cells were washed with PBS.  
Subsequently, the cell pellets were resuspended in hypotonic 10mM TrisHCl (pH 7.5) and lysed by 
repetitive freeze-thaw. Ethanol was added to a final concentration of 70% and precipitation occurred 
overnight at -20˚C. The supernatant of the Ethanol precipitation contains the free monosaccharides and 
was dried down. The pellet contains the bound monosaccharides and was therefore treated with sialidase 
to release potential sialic acids followed by an additional Ethanol precipitation. This second Ethanol 
supernatant was also dried down. Both samples were then resuspended in water, supplemented with 
internal standards Neu5Gc, Mannose, and [3H]Mannose and analyzed by HPLC under alkaline conditions 
using a PA-1 column using HPAEC-PAD. Also fractions (0.5ml) were collected and radioactivity 
determined by scintillation counting. Radioactivity is depicted in cpm (left Y-axis; black symbols and 
line) and electric current is represented in nC (right Y-axis; grey symbols and line). The exact overlay of 
the two spectra was confirmed by cold and radiolabeled mannose standards. The complete 
chromatograms are shown (left panel) and a zoomed portion (right panel) confirms the absence of a 
significant peak in the radioactive spectra overlaying with the internal standard Neu5Gc detected by 
HPAEC-PAD. A, free monosaccharides and B, sialidase-released bound monosaccharides. 
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SUPPLEMENTAL FIGURE 4        Bergfeld et al. 

 

 
 

FIGURE S4. Cmah-/- fibroblasts are not capable to synthesize Neu5Gc in the presence of [3H]glycolic 
acid. Neu5Gc-deficient Cmah-/- fibroblasts were cultivated under Neu5Gc-free conditions using 5% 
human serum and thereafter the feeding medium was supplemented with synthesized [3H]glycolic acid. 
After 3 days, the feeding medium was removed, and the cells were washed intensively with PBS.  
Subsequently, the cell pellets were resuspended in hypotonic 10mM TrisHCl (pH 7.5) and lysed by 
repetitive freeze-thaw. Ethanol was added to a final concentration of 70% and precipitation occurred 
overnight at -20˚C. A, the supernatant containing free monosaccharides was decanted for analysis and B, 
the pellet was washed well, resolved, and treated with sialidase to release sialic acids from 
sialoglycoconjugates. Liberated monosaccharides were then cleaned up by an additional Ethanol 
precipitation to remove proteins and membrane debris and the resulting supernatant containing the 
potential released Sias, was also analyzed. Samples were dried down, reconstituted in water, and spiked 
with Neu5Gc, Mannose and [3H]Mannose as internal standards. Monosaccharide composition was 
analyzed by HPLC using a PA-1 column under alkaline conditions. In parallel to HPAEC-PAD, fractions 
(0.5ml) were collected and radioactivity was subsequently measured by scintillation counting. 
Radioactivity is depicted in cpm (left Y-axis; black symbols and line) and electric current is represented 
in nC (right Y-axis; grey symbols and line). The exact overlay of the two spectra was confirmed by cold 
and radiolabeled mannose standards. The complete chromatograms are shown (left panel) and a zoomed 
portion (right panel) confirms the absence of a significant peak in the radioactive spectra overlaying with 
the internal standard Neu5Gc detected by HPAEC-PAD. 
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Primer name  Sequence (5’-3’) 

AKB 3 s GGAGTCATATGATGCGCGGCGAGCAGGGCGC 

AKB 9 as CCGTCCTCGAGCTGCCTAGCTGCGTCCGCC 

AKB 11 s CTAGAAAGAAGGAGACGGACATATGGCTAGCG 

AKB 12 as GATCCGCTAGCCATATGTCCGTCTCCTTCTTT 

AKB 20 s GGTAGGAATTCGCATGGCCGCGATCTATGGGG 

AKB 21 as GTGGTCTCGAGCTAGGAAAAGGTGTAGGAATAG 

 
FIGURE S5. Oligonucleotides used in the current study. The sequences of all sense (s) and antisense 
(as) primers used in this study are listed in 5’-3’ direction. 
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