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Nonulosonic acids or non-2-ulosonic acids (NulOs) are an ancient family of 2-ketoaldonic acids («-ketoaldonic acids) with a 9-carbon
backbone. In nature, these monosaccharides occur either in a 3-deoxy form (referred to as “sialic acids”) or in a 3,9-dideoxy “sialic-
acid-like” form. The former sialic acids are most common in the deuterostome lineage, including vertebrates, and mimicked by some of
their pathogens. The latter sialic-acid-like molecules are found in bacteria and archaea. NulOs are often prominently positioned at the
outermost tips of cell surface glycans, and have many key roles in evolution, biology and disease. The diversity of stereochemistry and
structural modifications among the NulOs contributes to more than 90 sialic acid forms and 50 sialic-acid-like variants described thus
far in nature. This paper reports the curation of these diverse naturally occurring NulOs at the NCBI sialic acid page (https://www.ncbi.
nim.nih.gov/glycans/sialic.html) as part of the NCBI-Glycans initiative. This includes external links to relevant Carbohydrate Structure
Databases. As the amino and hydroxyl groups of these monosaccharides are extensively derivatized by various substituents in nature,
the Symbol Nomenclature For Glycans (SNFG) rules have been expanded to represent this natural diversity. These developments help
illustrate the natural diversity of sialic acids and related NulOs, and enable their systematic representation in publications and online
resources.

Key words: glycans; NulQ; nonulosonic acid; sialic acid; symbol nomenclature.

A catalog of naturally occurring sialic acids
and sialic-acid-like monosaccharides

These negatively charged monosaccharides commonly occur
as terminal and sometimes as internal residues in glycoconju-
gates (e.g. glycoproteins, glycolipids, lipooligo/lipopolysac-
charides, capsular, and tissue polysialic acids) and carbo-
hydrates (e.g. oligosaccharides, exopolysaccharides). Due
to their terminal presentation on cell surface glycans, they
facilitate numerous key biological functions related to
cellular recognition, cell adhesion, communication/signaling,

The “sialic acid” and “sialic-acid-like” subclasses of monosac-
charides belong to a larger superfamily of organic compounds
called the non-2-ulosonic acids, nonulosonic acids (2-
ketoaldonic acids; a-ketoaldonic acids), or “NulOs” note-1,

1" Note: Following the 1996 TUPAC/IUBMB Nomenclature of Carbohy-
drates Recommendations (McNaught, A.D. 1997) on ketoaldoses (aldosu-

loses) (chapter 2-Carb-12), the locant of the ketonic carbonyl group is given
as an infix before “ulose” unless it is 2 (the aldehydic carbonyl group is
numbered 1). Although, based on this recommendation, it is not necessary to
add “2” in case of 2-uloses, for the sake of clarity “2” is frequently retained.
A similar situation holds for ketoaldonic acids (aldulosonic acids) (chapter 2-
Carb-21). Although not specified in 2-Carb-21, it is consistent with 2-Carb-
12 to say that the locant of the ketonic carbonyl group is given as an infix
before “ulosonic acid” unless it is 2. Then, “3-deoxy-nonulosonic acids” and
“3,9-dideoxy-nonulosonic acids” are simplified names of “3-deoxy-non-2-
ulosonic acids” and “3,9-dideoxy-non-2-ulosonic acids,” respectively.

control of glycoconjugate half-life in circulation, tumor
growth and metastasis, and developmental programming.
NulOs also have key roles in immune regulation, as well
as host interactions with viruses, bacterial pathogens, and
the microbiota, including commensals, symbionts, and
opportunistic pathogens.

The NulOs display expansive natural diversity. This is
largely due to variations in their stereochemistry,
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derivatization of hydroxyl and amino groups, and internal
dehydration. Recently, as part of the NCBI-Glycans initiative,
we reviewed the diversity of the NulOs and presented them
at the “NCBl-sialic acid page”: https://www.ncbi.nlm.nih.
gov/glycans/sialic.html (Supplementary Tables I and II). This
effort extends the curation work by Schauer and Kamerling
(Schauer and Kamerling 2018) by performing extensive addi-
tional literature review, including a survey of supplemental
NulOs reported at the carbohydrate structure database: http:/
csdb.glycoscience.ru/ (Toukach and Egorova 2016). As the
facilities in the community-curated Symbol Nomenclature
For Glycans [SNFG, (Varki et al. 2015, Neelamegham et al.
2019, Appendix-1B 2022)] were inadequate for the symbolic
description of NulO diversity, the SNFG rules and usage
were expanded. The expanded description of NulO diversity
is now presented at the NCBI-sialic acid page, including
the SNFG depiction of the NulOs, cross-referenced with
primary literature citations and supporting database links,
when available.

Two groups of NulOs are presented at the NCBI-sialic acid
page, the 3-deoxy NulOs termed “sialic acids” (Fig. 1a—d),
and the 3,9-dideoxy NulOs or “sialic-acid-like” entities
(Fig. 1e—j). Here, Fig. la—d represents the four primary
types of the 3-deoxy-non-2-ulosonic acids (sialic acids):
neuraminic acid (Neu), N-acetylneuraminic acid (NeuSAc),
N-glycolylneuraminic acid (Neu5Gc), and ketodeoxynononic
acid (Kdn). A survey of over 90 variants of sialic acids
is presented in Table 1 of the NCBI sialic acid page (also
listed in Supplementary Table I). Figure 1e—j presents the 3,9-
dideoxy-non-2-ulosonic acids in 6 subclasses corresponding
to 6 stereoisomers: pseudaminic acid (Pse), legionaminic acid
(Leg), 4-epi-legionaminic acid (4eleg), 8-epi-legionaminic
acid (8eLeg), acinetaminic acid (Aci), and 8-epi-acinetaminic
acid (8eAci). A survey of over 50 known structures of
naturally occurring 35,7-diamino-3,5,7,9-tetradeoxy-non-2-
ulosonic acid derivatives, together with some related 9-
deoxy-non-2-ulosonic acids, is presented in Table 2 of the
NCBI-sialic acid page (also listed in Supplementary Table II).
Note that the drawings of the glycerol side chains for
both the 3-deoxy and 3,9-dideoxy NulOs in Fig. 1 differ
from the 1996 TUPAC/IUBMB recommendation (McNaught
1997), as they are based on more recent conformation
studies.

Expansion of the snfg for describing the
nonulosonic acids and related substituents

The SNFG is a community curated, living document that
enables a simplified representation of glycan structures.
The most recent version of the SNFG is available at
the “NCBI-SNFG page”: https://www.ncbi.nlm.nih.gov/
glycans/snfg.html. To systematize and render sialic acid-
containing glycans and portray their biology, refinements
have been made to the SNFG in consultation with a working
group of investigators in this field. To this end, the row
dedicated to “deoxynonulosonate” (i.e. sialic acids) and
“dideoxynonulosonate” (i.e. the sialic-acid-like NulOs that
have only been found in prokaryotes so far) in the main
table at the NCBI-SNFG page have been renamed “3-deoxy-
nonulosonic acids” and “3,9-dideoxy-nonulosonic acids,”
respectively, as this is more precise. The heading of footnote
6 (previously “sialic acid”) has also been updated to be more
inclusive of the larger family of nonulosonic acids.

SNFG updates for nonulosonic acids (NulOs)

Table 1. SNFG substituent list and abbreviations.?

Abbreviation Substituent name

Ac acetyl

Ala D-alanyl

Ala2Ac N-acetyl-p-alanyl

Am N-acetimidoyl

AmMe N-(N-methyl-acetimidoyl)
AmMe, N-(N,N-dimethyl-acetimidoyl)
Fo formyl

Ge glycolyl

Gln2Ac N-acetyl-glutaminyl
5Glu2Me N-methyl-5-glutamyl

Gly glycyl

Gr glyceryl

Gr2,3Me; 2,3-di-O-methyl-glyceryl

4Hb 4-hydroxybutyryl

3,4Hb 3,4-dihydroxybutyryl
3grHb (R)-3-hydroxybutyryl
3sHb (8)-3-hydroxybutyryl
Lt lactyl

Me methyl

N amino

NAc N-acetyl

P phosphate

Py pyruvyl

Pyr 1-carboxyethylidene
S sulfate

Tau tauryl

2If multiple substituents are attached to a single monosaccharide, in the
SNFG rendering, the substituent abbreviations appear in alphabetical order.

The colors used to depict the nonulosonic acids in the
SNFG are partly based on history in the field, and partially
based on the stereochemistry of the monosaccharides. In
this regard, all residues in the sialic acid row have identical
stereochemistry. Here, the different colored diamonds reflect
the primary substituents at C5: Neu, brown; Neu5Ac, purple;
NeuS5Ge, light blue; and Kdn, green. The red diamond in the
SNFG is present for historical reasons and can still be used
to depict any type of sialic acid (coded “Sia”). While the
white diamond can be used for the same purpose, the red
color aims to stress the biological importance of this terminal
modification. As a more recent addition to the SNFG, the
colors of the flat diamonds (the “3,9-dideoxy-nonulosonic
acids”) are based on the stereochemistry, consistent with
representations of the other monosaccharide classes. In this
regard, Pse is green due to its manno-configuration, as con-
veyed in its full chemical name. Leg and 8eLeg are yellow due
to their galacto-configuration; these monosaccharides only
differ in their “glycerol” part. 4eLeg is light blue due to its
talo-configuration, and Aci and 8eAci share the pink color
due to their altro-configuration.

NulOs and a number of other monosaccharides contain
modifications to the base structure in the form of lactam,
lactone, anhydro, and didehydro (Fig.2). The depiction of
such fully defined compounds was previously not possible
using the SNFG, and thus, these entities were commonly
displayed as white pentagons with footnotes providing addi-
tional information about the structure. This shortcoming
is addressed in the revised SNFG, by allowing two letter
phonetic codes within the monosaccharide symbol: “am” for
lactam, “on” for lactone, “an” for anhydro, and “en” for
didehydro (revised footnote 4 at the NCBI-SNFG page). These
new facilities are extensions of previous SNFG rules that
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HO

Aci <> HO 8eAci <§D>

Fig. 1. The non-2-ulosonic acids (NulOs). a—d) The 3-deoxy-non-2-ulosonic acids (sialic acids): The parent compound in this class is a) neuraminic acid
(Neu, 5-amino-3,5-dideoxy-D-glycero-D-galacto-non-2-ulosonic acid). The presence of acetamido and hydroxyacetamido substituents at C5 results in b)
N-acetylneuraminic acid (NeubAc, 5-acetamido-3,5-dideoxy-D-glycero-D-galacto-non-2-ulosonic acid), and c) N-glycolylneuraminic acid (NeubGc,
3,5-dideoxy-5-hydroxyacetamido-D-glycero-D-galacto-non-2-ulosonic acid), respectively. Replacement of the C5 amine with hydroxyl results in d)
ketodeoxynononic acid (Kdn, 3-deoxy-D-glycero-D-galacto-non-2-ulosonic acid). e—j) The 3,9-dideoxy-non-2-ulosonic acids (sialic-acid-like subclass
compounds). This family includes six subclasses of compounds: e) pseudaminic acid (Pse, 5,7-diamino-3,5,7,9-tetradeoxy-L-glycero-L-manno-non-2-
ulosonic acid), f) legionaminic acid (Leg, 5,7-diamino-3,5,79-tetradeoxy-D-glycero-dD-galacto-non-2-ulosonic acid), G) 4-epi-legionaminic acid (4eleg,
5,7-diamino-3,5,79-tetradeoxy-D-glycero-D-talo-non-2-ulosonic acid), h) 8-epi-legionaminic acid (8elLeg, 5,7-diamino-3,5,79-tetradeoxy-L-glycero-dD-galacto-
non-2-ulosonic acid), i) acinetaminic acid (Aci, 5,7-diamino-3,5,79-tetradeoxy-L-glycero-L-altro-non-2-ulosonic acid), and j) 8-epi-acinetaminic acid (8eAci,
5,7-diamino-3,5,79-tetradeoxy-D-glycero-L-altro-non-2-ulosonic acid). The 265 chair conformations of Neu, NeubAc, NeubGc, Kdn, Leg, 4eleg, and 8eleg
are presented in the a-anomeric configuration and the 2Cs chair conformations of Pse, Aci, and 8eAci are in the g-anomeric configuration. Note that in all
structures shown here, the COOH group at C2 has an axial orientation. All SNFG figures in this report were rendered using DrawGlycan-SNFG (Cheng

etal. 2017).

«

used “f” to depict furanose rings, “0” for alditols, and “a”
for open-chain monosaccharides at the free reducing end.
The default carbon positions for these modifications in sialic
acids are at C1 and CS5 for am (1-5am), C1 and C7 for on
(1-7on), C2 and C7 for an (2-7an), and C2 and C3 for en
(2-3en). As these variations are in the base monosaccharide
structures, when presented in text form, these are specified
immediately following the monosaccharide and prior to any
substituent (e.g. “Neu2enS5Ac” rather than “NeuSAc2en,”
and “Neu2,7an5Ac” rather than “Neu5Ac2,7an”) (Reuter
and Schauer 1988). Indeed, additional base monosaccharide
structure modifications are possible (e.g. 4-8an), and such
departures from the default assignment may be specified in
figure footnotes or legends.

N/O-Acetyl, O-phosphate, and N/O-sulfate are common
substituents that are present on a variety of monosaccharides.
While a limited catalog of such substituents was previously
supported by the SNFG using text either above or below the
colored symbol, this list and the rules for their usage have

been vastly expanded to accommodate the nonulosonic acids
(revised footnote 7 at the NCBI-SNFG page). The expanded
list of substituents in this SNFG revision is listed in Table 1
of this report, with exact chemical drawings displayed at the
main NCBI-SNFG page. When arriving at this list, we were
guided by IUPAC conventions but also allowed common
names in order to keep with previous usage in the field
and enhance human readability. Substituent abbreviations
were kept purposefully short to save space in figures, and
numbers were avoided to reduce confusion with numbers
otherwise used to indicate substituent linkage position.
If, as in some situations, numbers are unavoidable in the
substituent name, these are enclosed within parentheses to
avoid confusion with attachment site (example in Fig. 3a). If
multiple substituents are attached to a single monosaccharide,
these appear in alphabetical order based on the abbreviations
listed in Table 1 (example in Fig. 3b). In this regard, the
SNFG relies on alphabetical ordering of substituent abbre-
viations in contrast to IUPAC, which uses the full name to
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SNFG updates for nonulosonic acids (NulOs)

Neu2en5Ac @

Fig. 2. Modifications to the monosaccharide base structure. The complete chemical structures and associated SNFG representations of a) lactam
(Neu1,blactam), b) lactone (Neu1,7lactonebAc), c) anhydro (Neu2,7an5Ac), and d) didehydro (Neu2en5Ac) sialic acids.

a COCH b

below symbol
(footnote 7)

NH
o 7Ac5(Gr2,3Me)
<@

OCH;

OCH,

Ve

Substituents arranged |,
alphabetically, above or\ 4MeB

C

5Am7Gr 4,7 Ac
Ser/Thr

6N2NAC 4,7Ac2

O-glycan from Tannerella forsythia
(ATCC 43037)

Fig. 3. Selected examples of new SNFG rules. a) 7-N-acetyl-5-N-(2,3-di-O-methyl-glyceryl)-pseudaminic acid [Pse7Ac5(Gr2,3Me; )], b) O-glycan from
Tannerella forsythia (Tomek et al. 2018), with the terminal acids: 5-N-acetimidoyl-7-N-glyceryl-pseudaminic acid (PsebAm7Gr) and 4-O-methyl-N-
acetylmannosaminuronamide (ManA4MeB6N2NAc). Note the use of “2NAc” to indicate C2 location of N-acetyl group, as this is not implicit in the base
ManA symbol. c) Correct (top) and incorrect (bottom) representation of 4,7-di-O-acetyl-2-keto-3-deoxy-nononic acid [Kdn4,7Ac;].

determine alphabetic position. Thus, acetimidoyl (Am)
appears before acetyl (Ac) in IUPAC, whereas Ac precedes
Am in the SNFG. Additionally, if the same modification
appears at multiple carbon locations, this is presented in
numerical order. As space is limited in the SNFG renderings,
subscripts have been dropped (e.g. Kdn4,7Ac; is depicted as
a green diamond with 4,7Ac, rather than 4,7Ac;) (Fig. 3c).
Additional substituents not in Table 1 can be included in
the SNFG using symbols (such as *, T, or ) above the SNFG
monosaccharide and associated text footnotes describing sub-
stituents. Overall, the above usages are mostly consistent with
TUPAC/TUBMB recommendations (McNaught 1997), though
not all substituents that are part of the SNFG are described by
IUPAC.

Some carbons of the base NulO symbols bear amino groups,
while others bear hydroxyl functions. For example, in Fig. 1,
amino groups are noted at the 5-position of neuraminic acid,
and at the 5 and 7 positions of pseudaminic acid. The attach-
ment of substituents to these amino residues would result in
N-linked addition by default, while the attachment of sub-
stituents to the hydroxyl groups on the base monosaccharide
structure would result in O-linked substituents (footnote 8
at the NCBI-SNFG page). Thus, Neu4,5Ac; 8Me indicates O-
acetylation at C4 of Neu (neuraminic acid), N-acetylation at
CS5, and O-methylation at C8. Furthermore, substituents may
be concatenated to indicate multiple modifications, with posi-
tion indicated for the first substituent, e.g. “Neu5(Gc2Ac)”
depicting the C5 modification of Neu by a glycolyl group
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which is further modified by O-acetylation at C2 of the
glycolyl substituent. If a given string concatenation results in a
non-unique chemical description, the exact chemical structure
should be provided using TUPAC/IUBMB recommendations.
Finally, the presence of variable amounts of substituents can
be indicated using the £symbol or by indicating % presence,
if known (e.g. “60% 3Ac” to indicate presence of 3Ac on
60% of a residue or repeating unit). Besides sialic acids, such
variable substituents can also aid the description of other
carbohydrate modifications, e.g. the sulfation of galactose,
N-acetylgalactosamine, and N-acetylglucosamine on various
glycosaminoglycans.

Conclusion

The revised SNFG guidelines presented in this paper allow the
symbolic description of most currently identified nonulosonic
acids. However, some newer entities such as fusaminic acid
are still depicted as generic 3,9-dideoxy-nonulosonic acids, i.e.
generic white flattened diamond (Table 2, NCBI-sialic acid
page). In this regard, we await a more complete description
of this and other related NulOs before further expanding
the SNFG. In closing, the strength of the SNFG is its sim-
plicity, wide-applicability, parsimony, and ability to incor-
porate previous biochemical knowledge such as the IUPAC/
IUBMB recommendations. The overarching philosophy is not
to describe all nuances in the literature, but rather to simplify
the exchange of data in the scientific community, lower the
barrier for new entrants in the Glycoscience field, and to serve
as a bridge for integrating glycan-related knowledge into the
NCBI and other biomedical databases and online resources.
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