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N-glycolylated carbohydrates are amino sugars with an N-glycolyl amide group. These glycans have not been well studied due to their surprising
rarity in nature in comparison with N-acetylated carbohydrates. Recently, however, there has been increasing interest in N-glycolylated sugars
because the non-human sialic acid N-glycolylneuraminic acid (Neu5Gc), apparently the only source of all N-glycolylated sugars in deuterostomes,
appears to be involved in xenosialitis (inflammation associated with consumption of Neu5Gc-rich red meats). Xenosialitis has been implicated
in cancers as well as other diseases including atherosclerosis. Furthermore, metabolites of Neu5Gc have been shown to be incorporated
into glycosaminoglycans (GAGs), resulting in N-glycolylated GAGs. These N-glycolylated GAGs have important potential applications, such as
dating the loss of the Neu5Gc-generating CMAH gene in humans and being explored as a xenosialitis biomarker and/or estimate of the body
burden of diet-derived Neu5Gc, to understand the risks associated with the consumption of red meats. This review explores N-glycolylated
carbohydrates, how they are metabolized to N-glycolylglucosamine and N-glycolylgalactosamine, and how these metabolites can be incorporated
into N-glycolylated GAGs in human tissues. We also discuss other sources of N-glycolylated sugars, such as recombinant production from
microorganisms using metabolic engineering as well as chemical synthesis.
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Introduction

Structural glycomics has identified an incredible diversity of
glycans and glycoconjugates in nature, and functional gly-
comics has led to an increased appreciation for the biological
roles of these glycans. As the field of glycomics has matured,
we have begun to identify rare glycans, glycoconjugates, and
saccharide sequences in organisms and have sought to ascribe
physiological or pathophysiological roles to these structures.
New biotechnological tools including advances in carbohy-
drate analysis, molecular biology, metabolic engineering, and
engineered model organisms have further accelerated these
advances (Fenn and McLean 2013; Reinhold et al. 2013;
Kailemia et al. 2014; Bergfeld et al. 2017; Lisacek et al.
2017; Schilling et al. 2020). This review examines one class
of such rare glycans, N-glycolylated sugars. We discuss how
these sugars are biosynthesized in mammalian and bacterial
cells, and how they can be chemically synthesized. Further-
more, we describe their metabolism, and their incorpora-
tion into glycosaminoglycans. The presence or absence of N-
glycolylated sugars in humans and their biological impact are
also discussed. Finally, we discuss future applications of N-
glycolylated monosaccharides in biomedicine and the study
of evolution.

Metabolism of Neu5Gc in mammalian cells

N-glycolylated carbohydrates are amino sugars that have an
N-linked glycolyl group on the nitrogen of an amino sugar.

Although rare in humans, there are various N-glycolylated
amino sugars found in other animals. These sugars all
appear to arise from the catabolism of N-glycolylneuraminic
acid (Neu5Gc) (Bergfeld et al. 2017). Sialic acids, such
as N-acetylneuraminic acid (Neu5Ac) and Neu5Gc, are
usually found on the extracellular surface of cells at the
terminal ends of glycoconjugates in vertebrates (Varki 2001;
Bergfeld et al. 2012). Once these sialic acids are released
from glycoconjugates (glycoproteins and proteoglycans)
through enzymatic release in the lysosome, both Neu5Ac
and Neu5Gc become available for reutilization and can
be reincorporated into new glycoconjugates, catabolized,
or excreted from the body (Tangvoranuntakul et al. 2003;
Bardor et al. 2005). Sialic acids attached to glycoconjugates
undergo enzymatic hydrolysis of their glycosidic linkage by
sialidases in the lysozyme and then are released from the
lysosome (Bardor et al. 2005; Varki et al. 2015). Lysosomal
release of Neu5Gc is followed by delivery to the cytosolic
compartment by a lysosomal sialic acid transporter called
sialin (Bardor et al. 2005; Varki et al. 2015). On arriving
inside the cytosol, Neu5Gc may be activated or broken
down into its metabolites. In the nucleus, Neu5Gc can be
activated by CMP-sialic acid synthesis to form cytidine-5′-
monophospho-N-glycolylneuraminic acid (CMP-Neu5Gc)
(Muchmore et al. 1989), which can then enter the Golgi
apparatus, where it can be a donor for incorporation of
Neu5Gc into newly synthesized glycoconjugates, such as
glycoproteins. Concurrently, in the cytoplasm, Neu5Gc can
be broken down and reassembled into the metabolites uridine
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Fig. 1. Possible pathways for the uptake of Neu5Gc and its incorporation into glycoconjugates in mammalian cells. Free and conjugated sialic acid enter
the cell by macropinocytosis. In the lysosome, a sialidase cleaves Neu5Gc from its glycan and exports it out of the lysosome via sialin. Once in the
cytoplasm, Neu5Gc can break down into its catabolites or enter the nucleus for activation into CMP-Neu5Gc. In the Golgi, Neu5Gc can be incorporated
into newly synthesized glycoconjugates or incorporate its metabolites from the cytoplasm into glycoconjugates. Created with BioRender.com.

diphosphate-N-glycolylgalactosamine (UDP-GalNGc) and
uridine diphosphate-N-glycolylglucosamine (UDP-GlcNGc).
These metabolites can then potentially act as donors for
the addition of GlcNGc and GalNGc into glycoconjugates
(Bardor et al. 2005; Bergfeld, Samraj, and Varki 2015). Once
biosynthesis is complete, these glycoconjugates can then be
exported or secreted to the cell surface (Fig. 1). The pathway
for the metabolic incorporation of Neu5Gc into endogenous
glycoproteins has been described in mammalian cells. There
are other processes by which Neu5Gc can be transported into
the cells, depending on the type of glycoconjugate the sialic
acid is attached to. One example of such a process is clathrin-
mediated endocytosis (Bardor et al. 2005). This is likely the
major mechanism used in human cells.

CMP-Neu5Gc, the activated form of Neu5Gc is biosyn-
thesized by the hydroxylation of cytidine-5′-monophospho-
N-acetyllneuraminic acid (CMP-Neu5Ac) through the action
of cytidine monophosphate N-acetylneuraminic acid hydrox-
ylase (Cmah). This enzyme is encoded by the CMAH gene
(Shaw et al. 1994; Takematsu et al. 1994; Peri et al. 2018).
An Alu-mediated mutation caused a frameshift in the human
CMAH gene leading to its inactivation (Chou et al. 2002;
Hayakawa et al. 2006; Peri et al. 2018). This resulted in the
loss of Neu5Gc biosynthesis capability in humans. CMAH
loss is not limited to humans, as some other lineages have
also independently lost the CMAH gene (Peri et al. 2018).

Although humans cannot biosynthesize Neu5Gc, studies have
shown that exogenous Neu5Gc from dietary sources can be
metabolically incorporated into endogenous human glycopro-
teins (Tangvoranuntakul et al. 2003). This has led to research
on how incorporated exogenous Neu5Gc is eliminated from
humans over time. Furthermore, the catabolic pathway for
Neu5Gc, leading to the synthesis of other N-glycolylated
sugars has also been elucidated.

Neu5Gc can be reversibly converted to N-glycolylmannosa
mine (ManNGc) through the action of N-acetylneuraminate
lyase (Schauer et al. 1999; Bateman et al. 2010; Bergfeld
et al. 2015). ManNGc can then be epimerized to N-
glycolylglucosamine (GlcNGc) through the action of UDP-
GlcNAc-2′-epimerase (Luchansky et al. 2003; Bergfeld et al.
2012). GlcNAc kinase can phosphorylate GlcNGc, result-
ing in N-glycolylglucosamine-6-phosphate (GlcNGc-6P)
(Bergfeld, Pearce, Diaz, Pham, et al. 2012), and then converted
to N-glycolylglucosamine-1-phosphate (GlcNGc-1P) by
phosphoacetylglucosamine mutase (Mio et al. 1999; Bergfeld
et al. 2017). Alternatively, GlcNGc-6P can be irreversibly
converted by GlcNAc-6-P deacetylase to GlcNH2–6-P and
glycolate (Hall et al. 2007; Bergfeld et al. 2012). GlcNGc-
1-P can react with UTP to form UDP-GlcNGc, catalyzed by
the action of UDP-GlcNAc diphosphorylase (Wang-Gillam
et al. 2000). UDP-GlcNGc can also be epimerized to UDP-
GalNGc through the action of UDP-GlcNAc 4′-epimerase.
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Fig. 2. The Neu5Gc degradative pathway. Neu5Gc, when acted on by N-acetylneuraminate lyase (1), forms ManNGc, which in turn gets epimerized to
GlcNGc UDP-N-acetylglucosamine 2-epimerase (2). GlcNGc gets phosphorylated at the 6-position by N-acetylglucosamine kinase (3) yielding GlcNGc-6P.
Phosphoacetylglucosamine mutase (4) acts on GlcNGc-6P to yield GlcNGc-1P. Alternatively, GlcNGc-6P can be converted to GlcNH2–6-P and glycolate.
Once GlcNGc-1P reacts with UDP-N-acetylglucosamine diphosphorylase (5) to form UDP-GlcNGc, UDP-GlcNGc will also be epimerized by
UDP-N-acetylglucosamine 4-epimerase (6) to yield UDP-GalNGc. The final products UDP-GalNGc and UDP-GlcNGc get incorporated into
glycosaminoglycans and glycoproteins, but incorporation most commonly occurs into CS for unknown reasons.

UDP-GlcNGc and UDP-GalNGc can then be incorporated
into glycosaminoglycans (GAGs)(Bergfeld et al. 2017;
Awofiranye et al. 2020). Incorporation most commonly
occurs in CS for unknown reasons (Fig. 2).

Non-animal sources of N-glycolyl groups

The N-glycolyl group is mostly described on animal glycopro-
teins originating solely from the CMAH enzyme or exogenous
dietary Neu5Gc. However, a thorough search of a bacterial
and fungal glycan database revealed that the N-glycolyl group
is not just limited to animals (Toukach and Egorova 2016).
The oligosaccharide component of the fungi Pleurocybella
porrigens (Prionolomia porrigens) was noted to contain N-
glycolylneuraminic acid in addition to other sugars (Takata
et al. 2009). Furthermore, the capsular polysaccharide found
on two different strains of the bacteria Haemophilus parasuis
(H. parasuis) revealed two different structures possible (Perry
et al. 2013). They both contain neuraminic acids with either an
acetyl group or a glycolyl group attached to its N-5 position.
This Gc substituent was seen in 50 percent of the studied sugar
chains. The source of this fungal and bacterial Neu5Gc is
unknown and may well also arise from exogenous vertebrate
sources.

The Actinomycetota phylum contains some bacteria
containing the N-glycolyl group. An example of this is
the peptidoglycan of Mycobacterium smegmatis, which
naturally has N-acetyl-glucosamine-1,4-N-glycolyl-muramic
(Pedron et al. 1994) as shown in the Table I. Another similar

species here is the Mycobacterium tuberculosis, which has
linear chains containing GlcNAc and MurNAc/MurNGc
in its peptidoglycan (Yao et al. 2012). The glycolyl group
in this bacteria could serve to improve hydrogen bonding
and therefore provide tighter binding of the peptidoglycan
(Brennan and Nikaido 1995). Furthermore, it is also
surprisingly known to trigger NOD2-mediated responses
(Hansen et al. 2014). Some other related Actinomycetales
like Rhodococcus, Tsukamurella, Gordonia, Nocardia, and
Micromonospora are reported to contain N-glycolylmuramic
acid (MurNGc) in their peptidoglycans (Collins et al. 1988;
Linos et al. 1999; Raymond et al. 2005; Jongrungruangchok,
Tanasupawat, and Kudo 2008; Coulombe et al. 2009). In
Mycobacterium, MurNGc is biosynthesized through the
conversion of N-acetylated muramic acid (UDP-MurNAc)
to N-glycolylated muramic acid (UDP-MurNGc) by a
mycobacterial UDP-MurNAc hydroxylase, encoded by the
NAMH gene (Raymond et al. 2005). This extra fortification
conferred by N-glycolyl muramic acid is believed to protect
the bacteria from the effect of lactam antibiotics and
lysozyme (Brennan 1995; Raymond et al. 2005; Wivagg,
Bhattacharyya, and Hung 2014). Notably, the mycobacterial
enzyme that makes UDP-MurNGc is encoded by NamH, a
distant homolog of CMAH. Most interestingly, a particular
type of fungus, Sporothrix schenckii from the Ascomycota
division was found not to contain N-glycolylneuraminic,
and not muramic acid as seen in other fungi (Alviano et al.
1982; Eneva et al. 2021).There are also some chemically
synthesized sources of the N-glycolyl group, usually in the
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form of 2-N-glycolyl glucosamine. Methyl 2-N-glycolyl 2-
deoxy-β-D-glucopyranoside and its 2-N-methyl analog were
synthesized as inhibitors of the carbohydrate esterase family
4 deacetylase PgaB (Chibba et al. 2012). Furthermore, 2-N-
glycolyl glucosamine was synthesized and fed to the cells.
This study showed that yeast chitin synthase 2 can use 2-N-
glycolyl glucosamine as an acceptor to synthesize novel chitin
derivatives (Gyore et al. 2014).

Notably, unlike acetyl-CoA, which is widely used to gener-
ate N-acetyl groups, glycolyl-CoA never seems to be used to
make N-glycolyl groups. In addition, N-glycolyl groups are
generated via a chemically complex hydroxylation reaction
that only works on N-acetylated-nucleotide sugars. Moreover,
the metabolism of glycolyl-CoA, one of the metabolites of
GABA (gamma-aminobutyric acid), does not contribute to the
synthesis of N-glycolylated carbohydrates such as Neu5Gc
(Vamecq and Poupaert 1990). Evidently, feeding CMAH-
deficient mouse cells and multiple malignant human cell lines
with high amounts of GABA did not facilitate the production
of Neu5Gc (Bergfeld et al. 2012).

Chemical synthesis of Neu5Gc

The chemical synthesis of N-glycolylated sugars has been
reported. Neu5Gc has been synthesized chemically and
enzymatically from N-acetylglucosamine (GlcNAc), glucose,
and D-arabinose (Choi et al. 1996; Kuboki et al. 1997;
Hong et al. 2006; Pearce and Varki 2010; Yu et al.
2016; Kooner, Yu, and Chen 2019). Many derivatives of
Neu5Gc have also been chemically synthesized (Ogura
et al. 1987; Yu et al. 2016; Kooner et al. 2019). A few
examples include 9-O-acetyl-Neu5Gc (Neu5Gc9Ac) and
4-O-acetyl-Neu5Gc (Neu4Ac5Gc). These are sialic acids
that are naturally present in the bovine submandibular
gland and horse glycoproteins, respectively (Reuter et al.
1983; Kooner et al. 2019). In addition, 8-O-methyl-N-
glycolylneuraminic acid (Neu5Gc8Me) has been prepared
from 5-O-methyl ManNGc (ManNGc5Me) and pyruvate
(Yu et al. 2011). Other N-glycolylated sugars such as N-
glycolylmannosamine (ManNGc), N-glycolylgalactosamine
(GalNGc), and N-glycolylglucosamine (GlcNGc) have also
been chemically synthesized to understand the effect of
their incorporation into human cells (Bergfeld, Pearce, Diaz,
Lawrence, et al. 2012a; Bergfeld, Pearce, Diaz, Pham, et al.
2012). N-glycolylhexosamines, N-glycolylhexosamine 6-
phosphates, glycolyl coenzyme A, and glycolyl glutathione
have been synthesized (Jourdian and Roseman 1962). Finally,
N-glycolylated GAGs like N-glycolylated chondroitin sulfates
have recently been synthesized enzymatically (Bergfeld et al.
2017) and through the metabolic engineering of bacteria
(Awofiranye et al. 2020).

Neu5Gc and consequences of its presence or
absence

The only known source of all N-glycolylated sugars in animals
is Neu5Gc. Neu5Gc is a sialic acid found in most mammals
except for Platypus, some birds, reptiles, ferrets, (Schauer et al.
2009; Ng et al. 2014), Western dogs (Hashimoto et al. 1984;
Yasue et al. 1978; Ng et al. 2014), New World monkeys,
and humans (Springer et al. 2014). Neu5Gc, along with other
sialic acids, are usually found on the extracellular surface of

cells and are attached to the non-reducing terminal ends of
glycoconjugates, performing biological and pathological roles
(Varki 2001, 2008; Bergfeld, Pearce, Diaz, Pham, et al. 2012).

One of the important pathophysiological roles of sialic
acids is to serve as pathogen attachment site (Varki 2008).
Their position at the non-reducing terminal end of glycan
chains gives them an advantage in performing this function.
While some pathogens show promiscuity in binding sialic
acids (Li et al. 2022), some preferentially bind Neu5Gc over
Neu5Ac and vice versa. Fortunately, since humans cannot syn-
thesize Neu5Gc, they are protected from pathogens that pref-
erentially bind Neu5Gc such as, Escherichia coli K99 (Smit
et al. 1984), Simian Virus 40 (SV40) (Campanero-Rhodes
et al. 2007) and Plasmodium reichenowi (Martin et al. 2005).
In particular, Pitta reichenowi is the parasite responsible
for causing malaria in chimpanzees and gorillas but not
humans (Martin et al. 2005). Humans are not infected by
this parasite likely because the erythrocyte binding protein
of P. reichenowi infecting chimpanzee preferentially attaches
to Neu5Gc residues causing infection (Okerblom and Varki
2017). In contrast, humans are still susceptible to infections
from pathogens that preferentially bind Neu5Ac, such as close
relative of P. reichenowi, P. falciparum (Martin et al. 2005;
Rich et al. 2009). P. falciparum preferentially binds Neu5Ac
over Neu5Gc contributing to the increased malaria suscepti-
bility of humans (Martin et al. 2005; Rich et al. 2009). Some
other examples of pathogens that preferentially bind Neu5Ac,
thus increasing human susceptibility include, Streptococcus
pneumoniae (Hentrich et al. 2016), Salmonella typhi (Deng
et al. 2014), and Vibrio cholera (Alisson-Silva et al. 2018).

Another pathophysiological consequence of Neu5Gc loss
is xenosialitis. Due to the loss of the CMAH gene, humans
cannot synthesize Neu5Gc. However, low levels of Neu5Gc
have been found in human tissues (Tangvoranuntakul et al.
2003; Diaz et al. 2009). Much of this Neu5Gc incorporation
has been associated with red meat consumption. When red
meat such as beef, pork, lamb, and veal, containing Neu5Gc
is consumed, the sialic acids present are incorporated into
human cells (Tangvoranuntakul et al. 2003). While dietary
Neu5Gc is incorporated into normal human cells, it is more
evident in cancer cells such as carcinomas (Hirabayashi
et al. 1987; Devine et al. 1991; Marquina et al. 1996;
Malykh, Schauer, and Shaw 2001). Neu5Gc metabolically
incorporated into human cell-surface glycans generates xeno-
autoantigens (Dhar, Sasmal, and Varki 2019). These antigens
can elicit the production of xeno-autoantibodies (Padler-Kar-
avani et al. 2013). Xeno-antibodies are believed to be present
in all humans due to their postnatal introduction from a
human-specific pathogen (Taylor et al. 2010). These antigen–
antibody reactions trigger inflammation (xenosialitis) linked
to carcinomas (De Visser et al. 2005; Hedlund et al. 2008;
Andreu et al. 2010) (Fig. 3). Red meat consumption has
also been linked to other diseases like atherosclerosis and
certain carcinomas, suggesting additional pathophysiology of
Neu5Gc (Micha et al. 2012; Koeth et al. 2013; Zelber-Sagi
et al. 2018; Dhar et al. 2019).

Neu5Gc is present in rodents and, hence, would be found in
their cell lines such as in Chinese hamster ovary (CHO) cells.
CHO cells are widely used for the preparation of glycoprotein-
based biopharmaceuticals, such as enzymes and antibodies
(Datta, Linhardt, and Sharfstein 2013). These glycoproteins
are glycosylated with host glycans containing a mixture of
terminal Neu5Ac and Neu5Gc residues. There has been

D
ow

nloaded from
 https://academ

ic.oup.com
/glycob/article/32/11/921/6655827 by guest on 01 M

ay 2023



N-glycolylated carbohydrates in nature 925

Ta
b

le
I.

N
on

-a
ni

m
al

so
ur

ce
s

of
N

-g
ly

co
ly

la
te

d
co

m
po

un
ds

.

N
um

be
r

So
ur

ce
N

-g
ly

co
ly

lp
os

it
io

n
C

om
po

un
d

R
ef

er
en

ce

1
P

le
ur

oc
yb

el
la

po
rr

ig
en

s
5-

N
-g

ly
co

ly
lN

eu
ra

m
in

ic
ac

id
(T

ak
at

a
et

al
.2

00
9)

2
H

ae
m

op
hi

lu
s

pa
ra

su
is

5-
N

-g
ly

co
ly

lN
eu

ra
m

in
ic

ac
id

(P
er

ry
et

al
.2

01
3)

3
M

yc
ob

ac
te

ri
um

sm
eg

m
at

is
2-

N
-g

ly
co

ly
lM

ur
am

ic
ac

id
( P

ed
ro

n
et

al
.1

99
4)

4
M

yc
ob

ac
te

ri
um

tu
be

rc
ul

os
is

2-
N

-g
ly

co
ly

lM
ur

am
ic

ac
id

(Y
ao

et
al

.2
01

2)

5
Sy

nt
he

si
ze

d
2-

N
-g

ly
co

ly
lg

lu
co

sa
m

in
e

(C
hi

bb
a

et
al

.2
01

2)

6
Sy

nt
he

si
ze

d
2-

N
-g

ly
co

ly
lg

lu
co

sa
m

in
e

(G
yo

re
et

al
.2

01
4)

D
ow

nloaded from
 https://academ

ic.oup.com
/glycob/article/32/11/921/6655827 by guest on 01 M

ay 2023



926 A E Awofiranye et al.

Fig. 3. Once incorporated into the human tissue, sources of Neu5Gc, such as red meats, are recognized as xeno-autoantigens. The body responds by
producing anti-Neu5Gc antibodies (xeno-autoantibodies). The antibody–antigen interaction leads to a chronic inflammation (xenosialitis) in the tissues,
contributing to diseases such as carcinomas, and atherosclerosis. Figure reproduced with permission from (Dhar et al. 2019).

significant interest in the pharmaceutical industry to reduce
the content of Neu5Gc to “humanize” the glycans of these
biopharmaceuticals in an effort to decrease the risk of
immunological side effects (Löfling et al. 2009; Salama et al.
2015).

The microbiome and its impact on
N-glycolylated sugar metabolism

A particularly interesting finding from microbiome studies in
the Hazda tribe was that these hunter gatherers had cyclically
changing microbiomes. These changes were in line with a
change in diet from a predominantly vegetarian diet to one
rich in red meat (Samuel et al. 2017). Further studies have
shown that consumption of red meat introduces bacteria that
synthesize sialidases better equipped for N-glycolyl release
(Zaramela et al. 2019).

Polyclonal anti-Neu5Gc antibody responses in
humans

The anti-Neu5Gc antibody binding pocket holds more than
just the glycolyl group. Most antibody binding sites can
accommodate between 4 and 6 glycans (Kabat et al. 1988;
Padlan and Kabat 1988). This suggests that an antibody
response to Neu5Gc-containing epitopes would be a broad,
polyclonal response against an array of these epitopes. This
is indeed the case with a large diversity of such Neu5Gc-
directed antibodies (Padler-Karavani et al. 2008). Moreover,
it appears that the sum of these antibodies may be involved in

the Xenosialitis phenomena as was shown in the link between
colorectal cancer risk and Neu5Gc-directed antibodies
(Samraj et al. 2018).

Evolutionary implications of CMAH loss

There are no orthologs or homologs of the CMAH gene in
eukaryotes. The closest homolog is the NAMH gene found
in the prokaryotic mycobacteria (Dhar et al. 2019). These
genes are responsible for the conversion of an N-acetyl group
to an N-glycolyl group. It is very interesting that this con-
version has only been seen twice in nature, both times on
a sugar nucleotide (Raymond et al. 2005; Davies and Vark
2013). A PubMed search for “N-glycolyl” yielded less than
350 publications while for “N-acetyl” there were more than
33,000 results (Fig. 4). The presence of N-glycolyl groups
is particularly important in the context of evolution. Our
closest evolutionary cousins, the chimpanzees and bonobos
both have an active form of the Cmah enzyme and therefore
decorate their cell surfaces with both Neu5Ac and Neu5Gc.
All humans—on the other hand—have an inactivating muta-
tion in the CMAH gene that renders them to have only
Neu5Ac on their cell surfaces. It is likely that the mutation
was initially synthesized as a pathogen avoidance mechanism;
i.e. there was an evolutionary advantage if one had only
Neu5Ac on their cell surfaces in avoiding pathogens that
bound Neu5Gc. Alternatively, the subsequent fixation in the
lineage leading to humans may have been due to reduced
fertility of CMAH+ males with CMAH null females due to
anti-Neu5Gc antibodies (Ghaderi et al. 2011).
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Fig. 4. A timeline of publications with the keyword “N-acetyl” and “N-glycolyl”.

Products of Neu5Gc breakdown are used in
GAG biosynthesis

Neu5Gc constantly undergoes catabolism in humans during
routine cell turnover. In mammals, one of the possible path-
ways for Neu5Gc catabolism occurs in 6 steps through the
GalNAc pathway (Fig. 2) resulting in UDP-GalNGc and UDP-
GlcNGc (Bergfeld, Pearce, Diaz, Lawrence, et al. 2012a). This
is also supported by the proposed pathway for N-glycolyl
chondroitin synthesis in metabolically engineered bacteria
(Awofiranye et al. 2020). Recent studies have shown that
UDP-GalNGc and one of its precursors, UDP-GlcNGc, pro-
duced from the breakdown of Neu5Gc, can be incorporated
into GAGs such as chondroitin sulfate (CS), dermatan sulfate
(DS) (sulfated [→3) GalNAc (1→4) GlcA/IdoA]n where GlcA
is glucuronic acid and IdoA is iduronic acid) and heparan
sulfate (HS) (sulfated [→4 GlcNAc/S (1→4) GlcA/IdoA]n
(Bergfeld, Pearce, Diaz, Lawrence, et al. 2012a; Bergfeld et al.
2017). Varki and co-workers fed mammalian cells GalNGc
and hypothesized that it should be incorporated into cel-
lular glycoconjugates. They found CS and DS with signifi-
cant GalNGc incorporation (Bergfeld, Pearce, Diaz, Lawrence,
et al. 2012a). GalNGc replaces GalNAc in CS/DS GAGs
since they are galactosaminoglycans. The exogenously added
GalNGc was converted into GlcNGc and incorporated into
HS (Bergfeld, Pearce, Diaz, Lawrence, et al. 2012a), which
is a glycosaminoglycan. N-glycolyl chondroitin sulfate (Gc-
CS), N-glycolyl dermatan (Gc-DS), and N-glycolyl heparan
sulfates (Gc-HS) are all rare GAG structures containing N-
glycolylated sugar residues. (Fig. 5). It is important to note
that only a small percentage of the hexosamine residues in the
GAGs are N-glycolylated and that the vast majority of these
hexosamine residues are N-acetylated. Gc-CS has since been
detected in normal mouse liver and kidney, ovine, bovine, and

porcine muscles, porcine intestinal mucosa, bovine trachea,
humans, and fetal calf serum and in red meat consumers, as
well as human-like Cmah null mice only when fed Neu5Gc-
rich mucins (Bergfeld et al. 2017).

The UDP sugar precursors required for GAG biosynthe-
sis are synthesized in the cytoplasm and transported into
the Golgi where glycosyltransferases co-polymerize GlcA and
GlcNAc/GalNAc into GAG backbones and further modify
these sugars (Hirschberg, Robbins, and Abeijon 1998; DeAn-
gelis 2002; Handford, Rodriguez-Furlán, and Orellana 2006;
Prydz 2015). The biosynthesis of N-glycolylated GAGs can
take place because these glycosyltransferases are promiscuous
and are able to accept UDP-N-glycolylhexosamines as sub-
strates in place of UDP-N-acetylhexosamines (Thibodeaux,
Melançon, and Liu 2007; Macauley et al. 2012). For example,
the glycosyltransferases in animal cells that accept UDP-
GalNAc as a donor substrate in the polymerization of chon-
droitin are also capable of accepting UDP-GalNGc. This is
supported by the findings from experiments done in bacteria
(Awofiranye et al. 2020). Chondroitin polymerase (KfoC)
from E. coli strain K4 is a glycosyltransferase that catalyzes
the polymerization of chondroitin using UDP-GlcA and UDP-
GalNAc (Sugiura et al. 2002). This enzyme can also catalyze
the co-polymerization of UDP-GlcA and UDP-GalNGc to
form N-glycolylated chondroitin. Similarly, a similar glyco-
syltransferase (KifA, KifC), responsible for accepting UDP-
GlcA and UDP-GlcNAc, can also accept UDP-GlcA and UDP-
GlcNGc in the biosynthesis of N-glycolylated Heparosan, the
Gc-HS backbone (Vaidyanathan et al. 2017).

Effects of N-glycolylation on GAGs

In animals, GAGs are typically biosynthesized as proteogly-
cans bound to a core protein and carry out signaling functions
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Fig. 5. UDP-GalNGc, when incorporated into CS and DS forms Gc-CS and Gc-DS, respectively, and UDP-GlcNGc when incorporated into HS forms
Gc-HS. Representative structure for each GAG is shown.

such as cell migration, differentiation, growth, and prolifer-
ation (Djerbal, Lortat-Jacob, and Kwok 2017). GAGs func-
tion primarily through their interaction with GAG-binding
proteins that can result in protein activation, deactivation,
oligomerization, stabilization, localization, or conformational
changes (Capila and Linhardt 2002). The functional differ-
ences between N-glycolylated GAGs and N-acetylated GAGs
are currently poorly understood. One of the effects of this
replacement might be that interactions between GAGs and
proteins facilitated by a hydrophobic N-acetyl group are
reduced due to the presence of a hydrophilic N-glycolyl
group. Hydrophilic GAGs such as CS contain hydrophobic
domains due to C-H ring bonds as well as N-acetyl groups.
This hydrophobicity can be responsible for biological and
binding properties by facilitating hydrophobic interactions
(Varki et al. 2015; De Paz and Nieto 2016). While most
of the interaction energy between GAG and protein results
from the positive charge of proteins interacting with the neg-
ative charge of the GAG (Esko, H. Prestegard, and Linhardt
2015), additional hydrophobic interaction from the N-acetyl
groups might strengthen binding or enhance binding speci-
ficity. Therefore, if a hydrophobic N-acetyl group is replaced
with a hydrophilic N-glycolyl group, the GAG–protein inter-
action may become less/more stable or less/more specific,
modifying the signaling functions of GAGSs. Moreover, even
minor modifications such as the presence or absence of an N-
acetyl group of a GlcNAc residue can profoundly impact GAG
conformation flexibility (Esko et al. 2015). It is important to
remember, however, that the vast majority of the hexosamine
residues in a GAG will be N-acetylated, and N-glycolylated
residues will represent rare sequences; thus, many of these
biological effects might be subtle.

Applications of N-glycolylated GAGs

From an evolutionary perspective, there is a variety of applica-
tions for N-glycolylated GAGs. One application is in hominin
research through the dating of the human loss of Neu5Gc.
The Alu-mediated event deleted a 92-bp exon of CMAH
(Peri et al. 2018), leaving humans with a frameshift in the
CMAH gene and, thus, a loss of the ability to biosynthesize
Neu5Gc. Although Gc-CS has been detected in humans due to

exogenous incorporation, the amount of GalNGc is insignifi-
cant compared to that in the CS of animals like chimpanzees
that still have an intact CMAH gene (Bergfeld et al. 2017).
Analyzing the presence of Gc-CS in hominin fossils should
allow one to accurately pinpoint, which evolution event left
humans with the loss of their ability to synthesize Neu5Gc.
There have been previous attempts to perform this analysis
using sialic acids for their content of Neu5Gc, but these were
unsuccessful due to the relative instability of sialic acids in
old fossils especially from tropical regions like Africa where
many of the early fossils have been found (Wood and K.
Boyle 2016). In contrast to Neu5Gc containing glycans, Gc-
CS is sufficiently stable to be detectable in animal fossils as
old as 4 million years old (Bergfeld et al. 2017). Thus, Gc-
CS can be used to date the time of this evolutionary event.
Detection in such old fossils still requires a large amount of
starting material, so advances in carbohydrate analysis is still
required to establish more specific and sensitive methods of
analysis and detection. Efforts are also currently underway
to metabolically engineer E. coli to produce Gc-CS to obtain
standards for high sensitivity mass spectral analysis (Badri
et al. 2019; (Awofiranye et al. 2020).

Furthermore, investigating N-glycolylated GAGs should
improve our understanding of how red meat consumption
can lead to xenosialitis and disease in humans. N-glycolylated
GAGs, such as Gc-CS, can be extracted from human biofluids
or tissues and used to investigate their functional impact
on people who eat red meat. Such findings may lead to a
method of detecting cancer susceptibility and for human food
and dietary improvements. Measurements of N-glycolyl-CS
may also provide an index of the body burden of Neu5Gc
incorporated from dietary sources.

Conclusions and future prospects

Experiments have been carried out in CMAH −/− mice link-
ing Neu5Gc presence to red meat and red meat consum
ption to carcinoma development via the xenosialitis pathway
(Samraj et al. 2015). Neu5Gc link to cancer has not been
explored in humans because its detection would have to be
performed in intact and alive humans and is quite challenging
because of difficulties associated with sialic acid detection
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(Tangvoranuntakul et al. 2003; Awofiranye et al. 2020). Gc-
CS, a metabolite of Neu5Gc, can be used to circumvent these
limitations. Detecting Neu5Gc in intact humans is very diffi-
cult because it is not present in the serum (Tangvoranuntakul
et al. 2003), the use of antibodies is challenging (Padlan
and Kabat 1988; Dhar et al. 2019), and Neu5Gc containing
glycans are relatively unstable (Awofiranye et al. 2020). In
contrast, Gc-CS is significantly more stable than sialic acid
containing glycans and has been isolated from a four-million-
year-old fossil. Furthermore, Gc-CS can be detected in the
serum, and there have been examples of its successful detec-
tion (Bergfeld et al. 2017; Awofiranye et al. 2020). Gc-CS and
other N-glycolylated GAGs, produced from dietary Neu5Gc
can be used to detect the presence of Neu5Gc. This represents
a more accurate method of detection and may be useful to
test for a correlation between Neu5Gc incorporation to the
incidence of carcinomas and other diseases.

CS exhibits chondroprotective properties by stimulating
cartilage buildup and anti-inflammation (Jerosch 2011;
Awofiranye et al. 2022). Thus, the impact of the N-glycolyl
substitution should be tested, as it may abrogate its benefits
in treating osteoarthritis, notwithstanding its low abundance.

Furthermore, it is surprising that human cell conserved the
pathway for N-glycolylated sugar synthesis since it offers no
known advantage. It is possible that there are other conse-
quences of CMAH loss that have not yet been realized. To
find these, additional studies are needed. One way this can be
done is by searching for N-glycolylated GAG binding proteins
and testing the effects of Gc-GAGs on human cells.

In conclusion, some light has recently been shed on
N-glycolylated carbohydrates, particularly N-glycolylated
GAGs. Here, we describe how Gc-GAGs are produced
from the degradation of Neu5Gc, synthesized differently
in certain bacteria, and chemically synthesized. The ability
to biosynthesize Neu5Gc has been lost in humans, and
with this loss comes both disadvantages and advantages.
One of the major disadvantages is xenosialitis, which is
an inflammation that is caused by ingesting exogenous
Neu5Gc. This inflammation is linked to cancer. Further
studies are needed to elucidate how N-glycolylated GAGs
are synthesized, their application, and the possible biological
impact of the N-glycolyl substitution.
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