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[. Introduction

The glycan chains of vertebrate glycoconjugates are
composed mostly of five- and six-carbon sugars. One
striking exception is the family of sialic acids (Sia),
which are o-keto acids with a nine-carbon backbone.
Several other features of sialic acids are unusual.
First, they typically occupy the distal end of glycan
chains. This “outermost” location makes them suit-
able for interaction with other cells and with envi-
ronmental agents, and there are numerous examples
of such interactions (described later in this review).
Second, sialic acids are subject to a remarkable
number of modifications, generating a diverse family
of more than 50 structurally distinct molecules (Table
1). Third, unlike the other vertebrate monosaccha-
rides, sialic acids are not ubiquitous in nature and
seem to be predominantly found in two distinct
branches of the tree of life: in the deuterostome
lineage of animals (vertebrates and a few higher
invertebrates such as starfish) and in certain types
of bacteria. A fourth unusual feature of sialic acids
is that they are synthesized via condensation of a
neutral six-carbon unit with the three-carbon mol-
ecule pyruvate. Finally, sialic acids are unusual in
the nature of their high-energy nucleotide sugar
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donor form. While all the other vertebrate monosac-
charides are activated in the form of uridine or
guanine dinucleotides, e.g., GDP-Man and -Fuc,
UDP-Glc, -Gal, -GIcNAc, -GalNAc, -GIcUA, and -Xyl,
sialic acids are activated as cytidine mononucleotides,
i.e., CMP-Sia molecules.

Moving beyond vertebrate systems, one finds many
more types of five- and six-carbon sugars and a
greater variety of linkages and modifications in such
sugars (particularly in bacteria). However, there are
no other known nine-carbon keto sugars in nature
(other than the recently described pseudaminic and
legionaminic acids in bacteria, see below). There is
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Figure 1. Structures of sialic acids: (A) Neuraminic acid
(Neu, R = H), N-acetylneuraminic acid (Neu5Ac, R = CH3-
CO—) and N-glycolylneuraminic acid (Neu5Gc, R = HOCH,-
CO-), (B) 2-keto-3-deoxy-p-glycero-p-galacto-nonulosonic
acid (KDN). Structures of the following sugars are also
shown for comparison: (C) 5,7-diamino-3,5,7,9-tetradeoxy-
p-glycero-p-galacto-nonulosonic acid (legionaminic acid)
derivative, (D) 5,7-diamino-3,5,7,9-tetradeoxy-L-glycero-L-
manno-nonulosonic acid (pseudaminic acid) derivative, and
(E) 2-keto-3-deoxy-p-manno-octulosonic acid (KDO). Note
that the configuration of legionaminic acid was recently
amended.”

one striking parallel to the sialic acids from both a
structural and biosynthetic point of view. The eight-
carbon a-keto acid KDO (2-keto-3-deoxy-p-manno-
octulosonic acid, found in Gram-negative bacteria and
in plants; Figure 1E) is formed via condensation of a
five-carbon unit (p-arabinose) with pyruvate, and its
activated sugar nucleotide form is CMP-KDO. The
similarities in the biosynthesis and activation of sialic
acids and KDO and the rarity of other similar
pathways raise the question of whether the two are
evolutionarily related. This review addresses these
and other evolutionary issues and provides an over-
view of sialic acid diversity and its distribution in
nature.

The original discovery of sialic acids by Klenk and
Blix dates back to the 1930s (discussed in refs 1—3).
Although these classic works are beyond the scope
of our review, it is worth pointing out that the words
“sialic acid” and “neuraminic acid” (the backbone of
most sialic acids) both bear the hallmarks of their
original discoveries: Blix isolated sialic acid from
submaxillary mucin (sialos = saliva in Greek) and
Klenk isolated neuraminic acid derivative from brain
glycolipids (neuro- + amine + acid). Sialic acids
autonomously form a pyranose (six-membered) ring
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Table 1. Sialic Acids: Occurrence and Structural Divergence
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Compound name Abbreviation Occurrence?
neuraminic acid Neu \&
neuraminic acid 1,5-lactam Neul,5lactam \%
5-N-acetylneuraminic acid Neu5Ac V,E, Ps, Pz, F,B
5-N-acetyl-4-O-acetylneuraminic acid Neu4,5Ac; \%
5-N-acetyl-7-O-acetylneuraminic acid Neu5,7Ac, V, Pz, B
5-N-acetyl-8-O-acetylneuraminic acid Neu5,8Ac; V,B
5-N-acetyl-9-O-acetylneuraminic acid Neu5,9Ac, V,E,Pz,F,B
5-N-acetyl-4,9-di-O-acetylneuraminic acid Neu4,5,9Acs \
5-N-acetyl-7,9-di-O-acetylneuraminic acid Neub5,7,9Ac; V,B
5-N-acetyl-8,9-di-O-acetylneuraminic acid Neu5,8,9Acs \
5-N-acetyl-4,7,9-tri-O-acetylneuraminic acid Neu4,5,7,9Ac, V
5-N-acetyl-7,8,9-tri-O-acetylneuraminic acid Neu5,7,8,9Ac, \
5-N-acetyl-4,7,8,9-tetra-O-acetylneuraminic acid Neu4,5,7,8,9Acs V
5-N-acetyl-9-O-lactylneuraminic acid Neu5AcoLt \
5-N-acetyl-4-O-acetyl-9-O-lactylneuraminic acid Neu4,5Ac9Lt V
5-N-acetyl-7-O-acetyl-9-O-lactylneuraminic acid Neu5,7Ac9Lt \Y
5-N-acetyl-8-O-methylneuraminic acid Neu5Ac8Me V, E
5-N-acetyl-9-O-acetyl-8-O-methylneuraminic acid Neu5,9Ac.8Me V, E
5-N-acetyl-8-O-sulfoneuraminic acid Neu5Ac8S V, E
5-N-acetyl-4-O-acetyl-8-O-sulfoneuraminic acid Neu4,5Ac,8S V, E
5-N-acetyl-9-O-phosphoneuraminic acid Neu5Ac9P ved
5-N-acetyl-2-deoxy-2,3-didehydroneuraminic acid Neu2en5Ac vd
5-N-acetyl-9-O-acetyl-2-deoxy-2,3-didehydroneuraminic acid Neu2en5,9Ac; vd
5-N-acetyl-2-deoxy-2,3-didehydro-9-O-lactylneuraminic acid Neu2en5Ac9Lt vd
5-N-acetyl-2,7-anhydroneuraminic acid Neu2,7an5Ac Vvd
5-N-acetylneuraminic acid 1,7-lactone Neu5Acl,7lactone V
5-N-acetyl-9-O-acetylneuraminic acid 1,7-lactone Neu5,9Ac,1,7lactone \
5-N-acetyl-4,9-di-O-acetylneuraminic acid 1,7-lactone Neu4,5,9Acz1,7lactone V
5-N-glycolylneuraminic acid Neu5Gc V, Pz, F
4-O-acetyl-5-N-glycolylneuraminic acid Neu4Ac5Gc V
7-O-acetyl-5-N-glycolylneuraminic acid Neu7Ac5Gc \Y
8-O-acetyl-5-N-glycolylneuraminic acid Neu8Ac5Gc V
9-O-acetyl-5-N-glycolylneuraminic acid Neu9Ac5Gc V, E
4,7-di-O-acetyl-5-N-glycolylneuraminic acid Neu4,7Ac,5Gc V
4,9-di-O-acetyl-5-N-glycolylneuraminic acid Neu4,9Ac,5Gc \
7,9-di-O-acetyl-5-N-glycolylneuraminic acid Neu7,9Ac,5Gc V
8,9-di-O-acetyl-5-N-glycolylneuraminic acid Neu8,9Ac.5Gc \Y
7,8,9-tri-O-acetyl-5-N-glycolylneuraminic acid Neu7,8,9Ac35Gc \
5-N-glycolyl-9-O-lactylneuraminic acid Neu5GcILt \
4-O-acetyl-5-N-glycolyl-9-O-lactylneuraminic acid Neu4Ac5GcILt \
8-O-acetyl-5-N-glycolyl-9-O-lactylneuraminic acid Neu8Ac5GcILt \Y
4,7-di-O-acetyl-5-N-glycolyl-9-O-lactylneuraminic acid Neu4,7Ac,5GcILt \
7,8-di-O-acetyl-5-N-glycolyl-9-O-lactylneuraminic acid Neu7,8Ac,5GcILt \%
5-N-glycolyl-8-O-methylneuraminic acid Neu5Gc8Me E
9-O-acetyl-5-N-glycolyl-8-O-methylneuraminic acid Neu9Ac5Gc8Me E
7,9-di-O-acetyl-5-N-glycolyl-8-O-methylneuraminic acid Neu7,9Ac,5Gc8Me E
5-N-glycolyl-8-O-sulfoneuraminic acid Neu5Gc8S V, E
5-N-glycolyl-9-O-sulfoneuraminic acid Neu5Gc9S E
5-N-(O-acetyl)glycolylneuraminic acid Neu5GcAc V
5-N-(O-methyl)glycolylneuraminic acid Neu5GcMe E
2-deoxy-2,3-didehydro-5-N-glycolylneuraminic acid Neu2en5Gc vd
9-O-acetyl-2-deoxy-2,3-didehydro-5-N-glycolylneuraminic acid Neu2en9Ac5Gc Vvd
2-deoxy-2,3-didehydro-5-N-glycolyl-9-O-lactylneuraminic acid Neu2en5Gc9ILt vd
2-deoxy-2,3-didehydro-5-N-glycolyl-8-O-methylneuraminic acid Neu2en5Gc8Me Ed
2,7-anhydro-5-N-glycolylneuraminic acid Neu2,7an5Gc vd
2,7-anhydro-5-N-glycolyl-8-O-methylneuraminic acid Neu2,7an5Gc8Me Ed
5-N-glycolylneuraminic acid 1,7-lactone Neu5Gcl,7lactone V
2-keto-3-deoxynononic acid KDN V, B
5-O-acetyl-2-keto-3-deoxynononic acid KDN5ACc V
7-O-acetyl-2-keto-3-deoxynononic acid KDN7Ac V
9-O-acetyl-2-keto-3-deoxynononic acid KDNO9Ac \
4,5-di-O-acetyl-2-keto-3-deoxynononic acid KDN4,5Ac, \%
4,7-di-O-acetyl-2-keto-3-deoxynononic acid KDNA4,7Ac, \
5,9-di-O-acetyl-2-keto-3-deoxynononic acid KDNS5,9Ac, V
7,9-di-O-acetyl-2-keto-3-deoxynononic acid KDN7,9Ac, \
8,9-di-O-acetyl-2-keto-3-deoxynononic acid KDNS8,9Ac, V
2-keto-3-deoxy-5-O-methylnononic acid KDN5Me B
2-keto-3-deoxy-9-O-phosphonononic acid KDN9P ved

a Abbreviations used: V, vertebrates; E, echinoderms; Ps, protostomes (insects and molluscs); Pz, protozoa; F, fungi; B, bacteria.
b Present only as bound form. ¢ Biosynthetic intermediate. ¢ Present only as free form.

1A,B). In natural glycoconjugates, sialic acids exist
only in the a-configuration, except in the high-energy

in solution via intramolecular hemiketal condensa-
tion and adopt a 2Cs chair conformation (Figure
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donor form CMP-sialic acids, where the anomeric
carbon is in the S-configuration (a and 5 configura-
tions refer to the C7 carbon and C1 carboxyl groups
being in a trans and cis orientation, respectively).

Sialic acids show remarkable structural diversity
in nature, with the family currently comprising over
50 different compounds (Table 1). The original defini-
tion of sialic acids was “neuraminic acid (5-amino-
3,5-dideoxy-p-glycero-p-galacto-2-nonulosonic acid, ab-
breviated as Neu, Figure 1A) and its derivatives”.}?
This definition was expanded by the discovery of
3-deoxy-D-glycero-p-galacto-2-nonulosonic acid (or 2-ke-
to-3-deoxy-D-glycero-p-galacto-nononic acid, KDN, Fig-
ure 1B),* which has a hydroxyl group in place of the
amino group at the C5 position. KDN is otherwise
very similar to the traditionally defined sialic acids
in structure, occurrence (ref 5 and citations therein),
and its biosynthetic pathway.6-8 All other currently
recognized sialic acids are biosynthetic derivatives
of either N-acetylneuraminic acid (Neu5Ac, Figure
1A) or KDN (Figure 1B). N-Glycolylneuraminic acid
(Neu5Gc, Figure 1A), a major type of sialic acid
expressed in deuterostomes, is derived from CMP-
Neu5Ac by the addition of an oxygen atom to the
N-acetyl group, catalyzed by CMP-Neu5Ac hydrox-
ylase.® Neuraminic acid with an unsubstituted amino
group has been detected in some natural glycocon-
jugates and is considered to be derived from Neu5Ac
via enzymatic deacetylation.’® Further structural
diversity of sialic acids is primarily generated by
combinations of the above-mentioned variations at
the C5 position with modifications of hydroxyl groups
at C4, C7, C8, and C9 by acetate, lactate, sulfate, or
phosphate esters or by methyl ethers. Intra- or
intermolecular lactonization involving the carboxyl-
ate at C1 and intramolecular lactamization between
C1 and C5 (in case of Neu) add further variety. Some
sialic acids (e.g., 2-deoxy-2,3-didehydro sialic acids)
are found only in free form, as expected from the lack
of the o-keto group.'® There are some other sialic
acid-like molecules with a nine-carbon backbone
found so far only in bacteria, such as derivatives of
legionaminic acid (Figure 1C) and pseudaminic acid
(Figure 1D). As discussed below, these molecules may
be synthesized via very similar biosynthetic path-
ways to those of sialic acids,*? raising the possibility
of expanding the definition of sialic acids to accom-
modate them.

Sialic acids are critical in the development of
vertebrates, as evidenced by the fact that mouse
embryos engineered to lack sialic acid expression die
well before they are born (W. Reutter, personal
communication). The expression of sialic acids was
previously thought to be unique to deuterostomes and
to the pathogenic bacteria infecting these animals.
However, recent studies have led to the discovery of
these sugars in formerly unsuspected organisms,
such as certain insects and fungi. Also, the molecular
cloning of most of the bacterial and vertebrate
enzymes involved in sialic acid biosynthesis (which
show significant sequence similarities) has allowed
us to seek orthologous sequences in the genomes of
other organisms. The available information regarding
such genomic sequences has expanded explosively in
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recent years. Such a “census” survey along with the
experimental evidence published in recent years
indicate that sialic acids (and/or related molecules)
are more widely distributed than previously thought
and possibly quite ancient in their origin. In this
review we attempt to summarize these recent devel-
opments in studies of the structure, biosynthesis, and
biology of sialic acids. We also discuss the evolution-
ary origin of sialic acids, based on existing data and
on our phylogenetic analysis of the enzymes involved
in their biosynthesis and that of related a-keto acids
(see Footnote section). Our analysis leads to a rather
unconventional conclusion that the invention of sialic
acids may not have happened in the immediate
ancestor of deuterostomes (vertebrates, ascidians,
and echinoderms). Rather, it may have predated at
least the split of deuterostomes and protostomes
(arthropods and molluscs). It also may possibly have
initially emerged in a lineage of bacteria with later
transfer to eukaryotic animals. These and other
possible evolutionary scenarios are considered in this
review.

Our review mainly focuses on the recent publica-
tions concerning sialic acid biology with emphasis on
the proteins involved in the biosynthesis and recogni-
tion of sialic acids. Many important aspects, such as
methodologies in the detection and structural analy-
sis of sialic acids, are not addressed. Readers with
interests in these aspects are encouraged to refer to
certain classic monographs®®!4 as well as to the recent
encyclopedic review elaborated by Schauer and Ka-
merling.® Basic background concerning glycobiology
can be found in a recently published textbook.*® Some
technical terms in the fields of genomics and phylo-
genetics are explained in the Glossary section of this
review.

Il. Occurrence and Structural Diversity of Sialic
Acids in Nature

As shown in Figure 2, all cellular organisms are
classified into three domains of life—eukarya (eu-
karyotes), bacteria (eubacteria), and archaea (archae-
bacteria). Although there is controversy over the
exact evolutionary relationship of these three do-
mains,'”18 it appears that the original separation of
these life forms is quite ancient. Generally speaking,
it still stands to be true that the expression of sialic
acid is the rule only in deuterostomes and an excep-
tion among other life forms. However, the presence
of sialic acids has been unequivocally shown in
bacteria and some nondeuterostome eukaryotes, and
genomic sequence data suggests the presence of sialic
acid in an archaeal organism (see below). Figure 2
summarizes the occurrence of sialic acid (based on
direct chemical analysis or indirectly based on ge-
nomic sequences) in various organisms and their
phylogenetic relationship. The generally accepted
nomenclature used to denote these molecules is also
listed in Table 1. In the following sections we will
discuss the presence and variety of sialic acids found
in nature, with reference to the enzymes involved in
their biosynthesis when appropriate.
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Figure 2. “Universal tree” of cellular organisms and occurrence of sialic acids. The tree was constructed from amino acid
sequences of elongation factors (EF-Tu and EF-1a) from various organisms using neighbor-joining method,?%¢ and the
position of the root was estimated by the method described in the literature.*?8 Expression of sialic acids (determined by
physicochemical methods, e.g., NMR, mass-spectrometry, etc.) is indicated with a closed circle and putative expression
(predicted from DNA sequences) with an open circle. There are three examples of apparently complete genomes of eukaryotes
that do not show any evidence for the genes involved in sialic acid biosynthesis: Caenorhabditis elegans (nematode),
Arabidopsis thaliana (thale cress, plant), and Saccharomyces cerevisiae (baker’s yeast, fungus). There are also nine complete
genomes of archaea (as of July 2001) that do not show any evidence for such genes.

A. Eukaryotes
1. Animals

Deuterostomes (vertebrates, ascidians, and echi-
noderms) express four major types of glycoconjugates
which are expressed on the cell surface or secreted:
glycoproteins, glycolipids, proteoglycans, and glyco-
sylphosphatidylinositol (GPI) anchors. With some
exceptions, sialic acids are expressed mostly on the
glycan chains of glycoproteins and glycolipids. In
most cases they occupy the distal (outermost) end of
glycan chains, being commonly linked via an a2—3
linkage to Gal, via an a2—6 linkage to Gal and
GalNAc, or via an a2—8 linkage to another sialic
acid.® Such linkages as 02—3 linkage to GalNAc,?%:2
o2—6 linkage to GIctNAc??22 and Glc,?* a2—4 linkage
to Gal?®> and GIcNAc,?® a2—9 linkage to another sialic
acid,?” and a Neu5Gc oligomer linked via hydroxyl
group of N-glycolyl?® also exist but are rare (some are
only found, so far, in echinoderms). There are also
some examples in echinoderms and amphibians
where the sialic acids are found as internal residues,
i.e., substituted at one or more hydroxyl groups by
another sugar other than sialic acid.’>2° These “outer”
sugars may be considered as additional sialic acid
“modifications”.

Deuterostomes express the highest structural di-
versity of sialic acids. All types of O-substitutions
listed in Table 1 (acetylation, lactylation, sulfation,
methylation) can be found in this group. Echinoderms
(sea urchins, starfish, etc.) express these modified
sialic acids in rather large quantities, which made
identification of some of them possible in the past,
using less sensitive methods than those available

today. Vertebrates were thought to be less “colorful”
compared with echinoderms in terms of sialic acid
diversity, with mainly O-acetylation and occasional
lactylation (Table 1). However, a recent report em-
ploying a new derivatization method has shown that
vertebrate tissues also contain small amounts of
rather “unusual” sialic acids, such as 8-O-methyl
Neu5Ac.3° Of particular interest among newly dis-
covered sialic acids are Neu 1,5-lactam® and Neu5Ac
1,7-lactone.®? Both of these structures are found in
glycoconjugates, and the former may be involved in
regulating recognition by selectins (a family of sialic
acid recognizing lectins, see section 111.B.2), with the
latter being specifically recognized by interleukin-
43132 These examples also indicate that subtle modi-
fications of sialic acid molecules can profoundly affect
biological interactions.

Protostomes (arthropods and molluscs) seem to
express generally similar classes of glycoconjugates
as those of deuterostomes. In addition, some organ-
isms (arthropods, such as insects and crustaceans)
express an ectoskeleton made of chitin (a polymer of
GIcNAC). Despite one earlier report on the presence
of sialic acid (Neu5Gc) in a gastropod,® protostomes
were generally thought to be devoid of this class of
molecules. Indeed, the original extensive survey by
Warren using the thiobarbituric acid test failed to
show a positive response in a wide variety of pro-
tostomes examined.3* Furthermore, with one possible
exception,®® recombinant proteins expressed in insect
cells are not reported to have sialic acids.®63” How-
ever, recent studies have shown that some insects
may express Neu5Ac in a stage-specific manner.383°
Also, octopuses and squids (belonging to the molluscs)
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have recently been shown to express gangliosides
(sialic acid-containing glycolipids).*® Perhaps sialic
acids are expressed only in a small number of
protostome species. The other possibility is that they
are actually common in protostomes but present in
very limited quantities and/or restricted to particular
tissues/stages. The question also arises as to whether
these animals actually synthesize their own sialic
acids or simply utilize sialic acid assimilated through
the food chain (or synthesized by a commensal
organism). In this regard, it is notable that the
genome of fruit fly Drosophila melanogaster appar-
ently lacks some genes of enzymes necessary for the
de novo biosynthesis of sialic acids but contains some
others (discussed later).

2. Fungi

There are reports on the presence of sialic acids in
some pathogenic fungal cells (reviewed in ref 41),
such as Candida albicans,*? Cryptococcus neofor-
mans,*® Aspergillus fumigatus,** and Sporothrix
schenckii.*® The sialic acid species identified so far
are Neu5Ac, Neu5Gc, and Neu5,9Ac,. Although some
of these claims are based only on binding of lectins
which can recognize sialic acids, others include more
solid evidence, such as mass spectrometry.*34* We
conducted a survey of the available genomic DNA
sequences of three fungal species, i.e., Saccharomyces
cerevisiae, C. albicans (http://www-sequence.stanford.
edu/group/candida), and C. neoformans (http://www-
sequence.stanford.edu/group/C.neoformans)—the lat-
ter two are still incomplete. This analysis did not
reveal any sequences significantly similar to enzymes
known to be involved in the biosynthesis, activation,
or transfer of sialic acids in bacteria and mammals.
However, it is possible that the expression of sialic
acids in fungi is strain-specific (as is the case in many
bacteria). Alternatively, sialic acids may be acquired
from external sources. It also cannot completely be
ruled out that these fungi could have independently
developed a novel pathway to synthesize and express
sialic acids.

3. Plants

With one possible exception, structural studies of
natural and recombinant plant glycoproteins*¢4” have
shown no evidence of sialic acids. There are a limited
number of reports describing sialic acid in plants, of
which only one appears conclusive, reporting the
presence of Neu5Ac in buckwheat using mass spec-
trometry.*® Some earlier reports on sialic acids in
plants may be explained by the presence of similar
o-keto acids in plants, such as 3-deoxy-pD-arabino-
heptulosonic acid 7-phosphate (DAHP, an intermedi-
ate in the schikimic acid pathway of the aromatic
amino acid biosynthesis) and KDO (a component of
cell wall polysaccharides). Both of these molecules
give positive reactions in some traditional colorimet-
ric assays for sialic acids. Our analysis of plant DNA
sequences in the GenBank database, including that
of thale cress Arabidopsis thaliana (the genomic DNA
of which is completely sequenced), revealed no evi-
dence for genes known to be involved in the biosyn-
thesis, activation, or transfer of sialic acids.
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4. Protozoa

It is known that some protozoa, such as Trypano-
soma cruzi (which causes Chagas’ disease in South
America), carry sialic acids.*® However, these organ-
isms do not synthesize their own sialic acids but
rather “borrow” it from their host glycoproteins by
the action of a unique enzyme called trans-sialidase.>®
The sialic acids are thought to protect these organ-
isms from detection and attack by host immune
system.5! There are some studies claiming the pres-
ence of sialic acids (Neu5Ac, Neu5Gc, Neu5,7Ac,, and
Neu5,9Ac,) on other protozoal cells, such as a slime
mold Dictyostelium discoideum,?? a trypanosome
Crithidia fasciculata,®® a piroplasmid Theileria ser-
genti,> and the amoebae Entamoeba invadens and
E. histolytica.5>% Whether these organisms synthe-
size sialic acids on their own is an unsolved question.
There is insufficient genomic data on these organisms
to allow a search for genes known to be involved in
the biosynthesis, activation, or transfer of sialic acids.

B. Bacteria

Bacteria express various types of glycoconjugates,
such as capsular polysaccharides (K-antigens), lipo-
polysaccharides (O-antigens), S-layer glycoproteins,
and peptidoglycans (component of the cell wall).
When present, sialic acids are found mostly in cap-
sular polysaccharides and lipopolysaccharides. Un-
like the situation in animal glycoconjugates, the sialic
acids in these polysaccharides mostly exist as inter-
nal residues, either in homopolymers (polysialic
acids) linked via a2—8 and/or a2—9 linkages or in
repetitive units made of several sugar residues.
However, there are also examples of terminal sialic
acids in certain bacterial lipooligosaccharides.>”~5°
Most of these bacteria express Neu5Ac (with oc-
casional O-acetylation, see ref 60 for a comprehensive
listing), and a few synthesize KDN and its deriva-
tives.51-62 Neu5Gc has not, so far, been reported in
bacteria.

Most bacteria do not express sialic acids, and even
within a bacterial species some strains express sialic
acids while others do not (although defining “species”
in bacteria is difficult due to frequent exchange of
genetic material between species, see refs 63 and 64).
Regardless, it is of note that many of the sialic acid-
expressing bacteria are causative agents of serious
illness in humans and domestic animals and hence
became subjects of extensive studies,® such as Es-
cherichia coli strain K1 and Neisseria meningitidis
group B,C causing meningitis® and Campylobacter
jejuni causing food-borne gastroenteritis (some strains
induce an autoimmune neurodegenerative disorder
called Guillain—Barre syndrome).®” Sialic acids on
the cell surface of these bacteria are thought to
provide a protective barrier to evade detection and
attack by the host's immune system. It was originally
assumed that these pathogenic bacteria acquired
their sialic acid biosynthetic machinery via horizontal
transfer of the genes from vertebrate hosts®869—a
rather natural speculation given the conspicuous
absence of sialic acids in the organisms evolutionarily
situated between bacteria and deuterostomes. How-
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ever, there are some bacteria which express sialic
acids and are not known to be pathogenic to verte-
brates, such as some Rhodobacter species’® and
(Sino)rhizobium meliloti.”* In addition, if bacteria
acquired a gene from a deuterostome host by lateral
transfer in the past, the current bacterial gene should
look more similar to the counterpart in a current
deuterostome genome (e.g., the one in human ge-
nome) than to the equivalent gene in any other
genome, e.g., the one in Drosophila genome. (Note
that since genomic DNA sequences gradually change
over time, copies made most recently should look
more similar, compared with those made a long time
ago). In fact, as discussed later, the bacterial genes
involved in sialic acid expression fail to show such
an unusually close relation to vertebrate counter-
parts.

As mentioned earlier, some bacteria express dif-
ferent kinds of 3-deoxy-2-keto-nonulosonic acids,
namely, derivatives of legionaminic acid (Figure 1C,
originally discovered in Legionella pneumophila
lipopolysaccharide) and pseudaminic acid (Figure 1D,
originally discovered in Pseudomonas aeruginosa
lipopolysaccharide). Both of these are similar to sialic
acids in their structure (reviewed in ref 72; for correct
configuration of legionaminic acid, see ref 73) and
probably in their biosynthesis.*?> Epimers of legion-
aminic acids (at C4 or C8-positions) are also re-
ported.”® Many of the bacteria expressing these
sugars are pathogenic in humans; hence, a relation
to the virulence is suspected.”> However, some non-
pathogenic bacteria also express these sugars, e.g.,
Sinorhizobium fredii (a symbiotic bacterium of legu-
minous plants),’”* a marine bacterium Pseudoal-
tromonas distincta,” and Pseudomonas fluorescens.”®
In addition, these particular sugars have not been
identified in vertebrate tissues. Hence, they are likely
to be antigenic in vertebrates, which would have an
adverse effect on bacterial survival in host tissues.
It is therefore likely that these sugars and various
modifications have more to do with evading attack
by bacteriophages, as suggested for Sinorhizobium
K-antigens.””"8

C. Archaea

Although the structural information on archaeal
glycans is limited compared with those of bacteria
and eukaryotes, it is known that they do express
glycoproteins, glycolipids, and polysaccharides. There
have been no published studies concerning the pres-
ence of sialic acids in archaea. However, we noted
that the genome of a hyperthermophilic archaea,
Methanococcus jannaschii, contains putative genes
similar to Neu5Ac synthetase and CMP-Neu5Ac
synthetase in a gene cluster, suggesting that the
organism may express sialic acids or a similar
molecule. Definite chemical identification of such a
compound is awaited. However, the genomes of nine
other archaeal species (whose complete genomes were
sequenced) do not show evidence for similar enzyme
genes.

lll. Proteins That Recognize Sialic Acids

Proteins which recognize sugars (excluding anti-
bodies) are collectively called lectins. There are
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numerous lectins in nature which can recognize sialic
acids (Tables 2—4). These are briefly reviewed here
to place into perspective their likely role in driving
the evolution of chemical diversity in the sialic acids.
For convenience, we have grouped them into three
categories: vertebrate pathogen lectins, vertebrate
endogenous lectins, and lectins from other sources
(plants, protostomes, etc.). Members of the third
group have great importance as tools for sialic acid
research. However, their natural functions are not
clearly understood (some are thought to be involved
in antibacterial self-defense’%). Thus, this group is
not discussed in detail.

A. Vertebrate Pathogen Lectins

Various pathogens (viruses, bacteria, and protozoa)
express lectins that can recognize sialic acids. Some
pathogens use these lectins for recognition and entry
into the host cells, while others express soluble lectins
with a sialic acid-binding property. In some cases,
these pathogens use not only sialic acids but also
some other cell surface molecules for attachment, and
different strains show different degrees of depen-
dence toward a particular type of such cellular
“receptors”.

1. Viruses

Viral sialic acid-recognizing lectins are usually
capable of agglutinating red blood cells (hemocytes
in old terms) and are thus traditionally called he-
magglutinins rather than lectins. Many viruses
utilize sialic acids to facilitate attachment to host
cells (see listing in Table 2), although their degree of
dependence on sialic acids for this purpose varies.
Hemagglutinins of influenza viruses (A, B, and C),
Newcastle disease virus (NDV, an avian pathogen),
mouse polyoma virus, Sendai virus (a rodent patho-
gen), mouse hepatitis virus, and some others have
been isolated and shown to bind sialic acids. Some
of these hemagglutinins (from influenza A, C, NDV,
and polyoma viruses) have been crystallized and their
three-dimensional structure resolved by X-ray crys-
tallography.t~8 In many other instances (e.g., ad-
enoviruses and picornaviruses), the exact molecular
nature of the viral sialic acid-recognizing lectins has
not even been identified.

Perhaps the most well-known and well-studied
molecule of this kind is the influenza A virus hemag-
glutinin. Influenza viruses show near obligatory
dependence on the host cell surface sialic acids for
infection. Sialic acid binding preferences of influenza
A hemagglutinins isolated from different host species
are correlated with the type of sialic acids expressed
on the host cells® and even with difference in the
sialic acid linkage (02—3/a2—6). Studies have shown
that the natural reservoir of influenza viruses is in
various species of wild water fowl.8” Through a series
of cross-species infections involving domestic animals
(ducks and pigs) and adaptations to the new types
of sialic acids encountered in the new hosts, and/or
reassortment of genomic fragments from human and
bird influenza viruses in pigs, which are susceptible
to both types of viruses,® influenza viruses adapt to
infect humans and cause seasonal epidemics.
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Table 2. Vertebrate Pathogens/Commensal Organisms Which Recognize Sialic Acids?
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Pathogens (lectin protein, if known) Specificity® Ref
Viruses
Orthomyxoviridae
Influenza virus A (H)¢ (Fowl plague virus = influenza A) variable, depending on host and/or strains 86,252,253
Influenza virus B (H) Neu5Aca2—-6Gal 254
Influenza virus C (HE) Neu5,9Ac, 89,255
Paramyxoviridae
Newecastle disease virus (HN) Neu5Ac/Neu5Gca2—3GalBl—4GIc(NAc) 256,257
Sendai virus (HN) Neu5Aca2—-3Galpl—3GalNAc/4GIcNAc 256,258
Human parainfluenza virus type 1 (HN) Neu5Aca2—3Galp1—4GIcNAc 96
Human parainfluenza virus type 3 (HN) Neu5Ac/Neu5Gca2—3/6Galfl—4GIcNAC 96
Porcine rubulavirus LPM (HN) Siaa2—3Gal 259
Reoviridae
Reovirus type 3 (01) Sia* 260,261
Porcine rotavirus group A OSU Neu5Gc/Neu5Aca2—3Galpl—4Glc (Ge>Ac) 262
Porcine rotavirus group C AmC-1 Sia* 263
Human rotavirus KUN, MO GM1 264
Human rotavirus Wa Sia* 265
Simian rotavirus RRV (VP4) Sia* 266
Simian rotavirus SA11l Neu5Gca2—3Gal 267
Bovine rotavirus NCDV Neu5Gca2—3Gal 267
Bluetongue virus Neu5Ac, Neu5Gc 268
Coronaviridae
Bovine coronavirus (S protein) Neu5,9Ac,02—3Gal = Neu5,9Ac,a2—6Gal 269,270
Human coronavirus OC43 (S protein) Neu5,9Ac,a2—6Gal = Neu5,9Ac,02—3Gal 269,270
Porcine hemagglutinating encephalomyelitis virus Neu5,9Ac; 271
Porcine transmissible gastroenteritis coronavirus (S protein) Neu5Gca2—3 272
Avian infectious bronchitis coronavirus Neu5Aca2—3 273
Mouse hepatitis virus (HE) Neu4,5Ac, 95
Adenoviridae
Adenovirus type 37 Siaa2—3* 274
Adenovirus type 8, 19a Sia* 275
Picornaviridae
Bovine enterovirus 261 Sia* 276
Human enterovius type 70 Sia 277
Theiler’'s encephalomyelitis virus DA Sia 278
Human rhinovirus type 87 Sia* 279
Encephalomyocarditis virus Sia 280,281
Mengo encephalomyocarditis virus Sia* 282
Parvoviridae
Adeno-associated virus type 4 Neu5Aca2—3Gal 283
Adeno-associated virus type 5 Neu5Aca2—3Gal, Neu5Aca2—6Gal 283,284
Canine parvovirus Sia* 285
Bovine parvovirus Sia* 286
Polyomaviridae
Mouse polyoma virus (VP1) Neu5Aca2—3Galpl—3GalNAc 287,288
Polyoma virus JC Siaa2—6 289
Human polyoma virus BK Sia 290
Papillomaviridae
Monkey B-lymphotropic papovavirus Sia 291,292
Herpesviridae
Human cytomegalovirus Neu5Ac > Neu5Gc 293
Mouse cytomegalovirus Neu5Ac (virulence-associated) 294
Rhabdoviridae
Rabies virus Sia* 295
Vesicular stomatitis virus Sia* 296
Hepdnaviridae
Hepatitis B virus (small S protein) Neu5Ac 297
Bacteria—adhesins or whole cells
Proteobacteria (Gram-negative)
E. coli (Sfal, Il; common subunit SfaS) Neu5Gca2—3Gal, Neu5Aca2—8Neu5Ac 298,299
E. coli (K99 fimbriae) Neu5Gca2—3Galfl—-4Glc 104,105
E. coli (F41 fimbriae) Sia 300
E. coli (CFAI) Sia* 301,302
E. coli (CFAII; CS2 protein) Sia (Neu5Gc > Neu5Ac) 303
Helicobacter pylori Neu5Aca2—3Gal 304,305
Neisseria subflava (Sia-1 adhesin) Neu5Aca2—-3Galpl—4Glc 306
Pseudomonas aeruginosa sialyl Le* 307
Siao2—6 308

Haemophilus influenzae GD2, GDla, GD1b 309,310
Haemophilus influenzae (HMW1 agglutinin) Siao2—3 311
Bordetella bronchiseptica Neu5Ac 312
Bordetella avium GD1a, GT1b 313
Pasteurella haemolytica (adhesin) GIcNAc > Neu5Ac 99
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Table 2 (Continued)

Pathogens (lectin protein, if known) Specificity® Ref
Bacteria—adhesins or whole cells
Moraxella catarrhalis GM2 314
Actinobacillus actinomycetemcomitans Sia* 315
Gram-positive bacteria
Streptococcus sanguis (SSP-5) Neu5Aca2—3Galfl1—-3GalNAc 316,317
Streptococcus mitis Neu5Aca2—3Galpl—3GalNAc 317
Streptococcus gordonii Neu5Aca2—3 318
Streptococcus mutans (PAc protein) Siao2—6 319
Streptococcus suis Neu5Aca2—3(Galf1—4GIcNAcS1—3)n 320
Streptococcus pneumoniae (CpbA) Siao2—6Galpl—-4GlIc? 321
Staphylococcus aureus Sia, sulfated sugar? 322
Ureaplasma urealyticum Sia* 323
CFB/green sulfur bacteria
Bacteroides fragilis Neu5Ac?***.d 324
Spirochaeta
Treponema denticola Neu5Ac?***.d 325
Treponema pallidum Neu5Ac*** 326
Mycoplasma
Mycoplasma pneumoniae (hemagglutinin) Neu5Aca2—3(Galpl—4GIcNAcS1—3)n 327
Mycoplasma bovis Sia, sulfated sugar?** 328
Mycoplasma gallisepticum Sia* 329
Bacteria—toxins
Clostridium tetani (tetanus toxin) GD1b, GT1b 330
Clostridium botulinum (neurotoxin, type A—F) GQ1b, GT1b, GDla 331-333
Clostridium perfringens (6 toxin) GM2 334
Clostridium perfringens (e toxin) Sia* 335
Vibrio cholera (cholera toxin) GM1 330,336
Vibrio mimicus (hemolysin) GD1a, GT1b 337
Vibrio parahemolyticus (thermostable direct hemolysin) GT1 338
E. coli (heat-labile enterotoxin) GM1 330
E. coli (heat-stable enterotoxin b) sulfatide, gangliosides? 100
Bordetella pertussis (pertussis toxin) GDl1a; Neu5Aca2—6Galfl1—4GIcNAc 339,340
Staphylococcus aureus (o toxin) Neu5Aca2—3Galf1—-4GIcNAcS1—-3Galfl—-4Glc 341
Staphylococcus aureus (y hemolysin, leucocidin) GM1 342
Protozoa
Plasmodium falciparum (EBA-175) Neu5Aca2—3Gal 108
Plasmodium falciparum (BAEBL) Sia* 112
Tritrichomonas mobilensis (TML) Neu5Ac > Neu5Gc*** 343
Tritrichomonas foetus (TFL) Neu5Ac ~ Neu5Gc*** 113
Tritrichomonas suis Sig?***d 344
Entamoeba histolytica (toxin) Sia 345
Toxoplasma gondii Sia* 346
Fungi
Aspergillus fumigatus Sia 347
Penicillium marneffei Neu5Ac*** 348
Chrysosporium keratinophilum NeuSAc*** 349
Anixiopsis stercoraria (Aphanoascus fulvescens) Neu5Ac*** 349
Microsporum sp. (7 species) Sia 350
Trichophyton sp. (5 species) Sia 350
Epidermophyton floccosum Sia 350

a The list compiled here is deliberately inclusive, considering all reports that suggest microbial recognition of sialic acids, including
in vitro experiments in various direct and indirect formats. In many cases, the biological relevance of sialic acid binding to in vivo
infection process has not been proven. In some instances sialic acids only represent one of several factors involved in initial
interactions of microbes with vertebrate cells. Also, due to strain-to-strain difference in cellular “receptor” preference, the fact
that one strain uses sialic acid for cell adhesion does not necessarily mean that the other strains of the same microbe also utilize
sialic acids. For example, among 102 types of human rhinoviruses tested, type 87 is the only one which requires sialic acid as cell
surface receptor.?’® ® The asterisks (*) indicate the criteria used in the original literature to claim sialic acid recognition by the
pathogen (lectin): *, sialidase treatment of host cells/erythrocytes reduce binding/hemagglutination by the pathogen (lectin); **,
asialo-counterpart of the glycoconjugate (used as competitive inhibitor) is less effective than intact one in inhibiting binding/
hemagglutination by the pathogen (lectin); ***, Neu5Ac (or other mono/oligosaccharide) inhibits binding/hemagglutination by
the pathogen (lectin). No asterisks are attached when more than one criteria was used to prove sialic acid recognition or more
detailed analysis (e.g., TLC-overlay) was employed to analyze binding specificity. Sia = sialic acid, type not specified. In cases
where the specificity is indicated only as Sia, binding of pathogens to sialic acids were determined by criteria * and/or ** as
above. In cases in which the evidence is even less robust, we list the item with a question mark (?). ¢ H, hemagglutinin; HE,
hemagglutinin-esterase; HN, hemagglutinin-neuraminidase. ¢ Sialic acid significantly inhibits hemagglutination/binding by
pathogen (lectin), but sialidase treatment of erythrocytes/host cells does not inhibit or even enhance hemagglutination/binding.

Among other related molecules, the influenza C binds to Neu5,9Ac,, but also has an enzyme activity
virus hemagglutinin-esterase is notable for being to destroy the 9-O-acetyl ester.®® This protein has
specific for 9-O-acetylated sialic acids.®® It not only proven useful as a probe for studying 9-O-acetylated
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Table 3. Vertebrate Lectins Which Recognize Sialic Acids
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Names (synonyms) Expression (source)? Binding specificity Ref
Selectins
E-selectin (ELAM-1, CD62E) activated endothelium  sialyl Le*, sialyl Le? 119,351
L-selectin (MEL14 antigen, CD62L) leucocyte 6'-sulfo sialyl Le*, heparansufate 119,351
P-selectin (GMP-140, PADGEM, CD62P) activated endothelium, sialyl LeX, sialyl Le?, heparan sulfat® 119,351
platelet
Siglecs
Siglec-1 (sialoadhesin) macrophage Neu5Aca2—-3Gal > NeuSAca2—6Gal 149,352
Siglec-2 (CD22) B-cell Siaa2—6Gal 353,354
Siglec-3 (CD33) myeloid precursor, Mo® Siaa2—6Gal > Siaa2—3Gal 149,355
Siglec-4 (MAG) glial cells Neu5Aca2—3Gal on complex gangliosides 356,357
Siglec-5 Mo, Gr Siaa2—6Gal ~ Siao2—3Gal, Neu5Aca2—8 149,358
Siglec-6 (OB-BP1) placenta, B-cell Siao2—6GalNAc 359
Siglec-7 (AIRM-1) NK cells, Mo, Gr Siaa2—6Gal ~ Siao2—3Gal (3-1g isoform) 360
Siaa2—6Gal (2-1g isoform) 361
Siglec-8 eosinophil, basophil Siao2—3Gal > Siao2—6Gal 362
Siglec-9 Mo, Gr Siao2—6Gal ~ Siao2—3Gal 142,363
Siglec-10 B-cell Siao2—6Gal ~ Siao2—3Gal 364
Siglec-11 ? Neu5Aca2—8Neu5Ac unpublished
Others

Complement factor H blood Sia; C7—C9 side chain is a part of epitope 365,366
CDS83 dendritic cell Sia 143
L1 mouse neuron Neu5Aca2—3 (on CD24) 144
Interleukin-1lo blood Neu5Aca2—-3Galpl—4GIcNAc, biantennary 32
Interleukin-13 blood Neu5Aca2—3Gals1-Cer (GM4) 32
Interleukin-2 blood GD1b 367
Interleukin-4 blood Neu5Acl,7lactone 32
Interleukin-7 blood Neu5Aca2—6GalNAc 32
Laminin extracellular matrix Neu5Aca2—3Galfl1—-4GIcNAc (a2—3>a2—6) 145
Sialic acid-binding protein endometrium Neu5Gc > Neu5Ac 368
Sarcolectin placenta Neu5Ac, Neu5Gc 147
Calreticulin ovine placenta Neu5Gc > Neub5Ac, prefer O-acetyl 146
Sialic acid-binding protein rat uterus Sia 369
Calcyclin bovine heart Neu5Gc 148
Sialic acid-binding protein frog egg Sia 370
Ganglioside binding protein* rat brain myelin gangliosides (GT1b, GQ1lb, GD1b) 371,372
Hemagglutinin* rat brain Neu5Ac, Neu5Gc 373

a Expression (source) is in human, unless otherwise stated. ® Mo, monocyte; Gr, granulocyte. ¢ Most of the proteins listed here
are cloned and/or purified to homogeniety, except for the entities marked with an asterisk (*).

sialic acids.®"% Mouse hepatitis virus also has a
hemagglutinin-esterase, which is specific to sialic
acids substituted by O-acetyl group at the C4 position
(Neu4,5Ac,).% Another prominent example of such
bifunctional (receptor—recognition/destruction) pro-
teins are the hemagglutinin—neuraminidases of
NDV8* and parainfluenza viruses.% At first glance
it appears irrational that a bifunctional protein
carries two “contradictory” functions. However, in the
case of influenza A virus which carry separate
hemagglutinin and neuraminidase proteins, the bal-
ance between these two functions appears to be
important for efficient viral replication, which in-
volves numerous cycles of host cell attachment—
internalization, amplification, and assembly—and
detachment from the host cell.%"%8

2. Bacteria

Some bacterial pathogens interact with host cells
in a sialic acid-dependent manner. The involved
lectins are attached to the bacterial surface and are
typically called adhesins. The identity of the recogni-
tion molecule is uncertain in many cases. There are
also soluble bacterial lectins, which are typically
toxins. Although many have high specificity toward
sialic acids, some are not as specific, e.g., recognizing
also GIcNAc, as with the Pasteurella haemolytica

adhesin,® or sulfated sugars, as with the E. coli heat-
stable enterotoxin b.100

Bacterial adhesins are often expressed in a strain-
specific way and can influence the range of tissues
the strain can infect or colonize.'®* Such examples
include Helicobacter pylorit®219 and E. coli strain
K99.104105 The former is an etiological agent of peptic
ulcers in humans, and the latter causes lethal
dysentery among piglets and calves. H. pylori express
two different adhesins (in an environment-dependent
manner) which can recognize sialic acids.021%3 De-
spite detailed analyses on ligand structural prefer-
ence of these adhesins, their exact role in the
establishment of infection is not yet understood. The
adhesins expressed by E. coli K99 strain shows high
specificity toward Neu5Gca2—3Galf1-4Glc structure
on glycolipids, which is abundantly expressed in the
gastrointestinal tract of piglets.'%¢

Cholera toxin, produced by Vibrio cholerae, is a
classic example of soluble sialic acid-binding lec-
tins.1%7 It is composed of five B subunits and an A
subunit. The B subunits show specific binding to a
sialylated glycolipid (ganglioside GM1), delivering the
A subunit to the cytosol. This in turn causes overac-
tivation of an intracellular signaling pathway (ade-
nylate cyclase, producing cyclic AMP) in gastrointes-
tinal epithelial cells, causing severe diarrhea and
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Table 4. Lectins from Invertebrate Animals, Plants and Fungi Which Recognize Sialic Acids

Source? Specificity® Ref
Mollusca (molluscs)
Gastropoda (gastropods)
Limax flavus (yellow garden slug) Neu5Ac > Neu5Gc 374
Achatina fulica (giant African snail) Neu5,9Ac; 375
Cepaea hortensis (white-lip gardensnail) Neu5,9Ac; 376
Pila globosa (apple snail) Neu5Gc 377
Biomphalaria glabrata (bloodfluke planorb) Neu5Act 378
Bivalvia (bivalves)
Anadara granosa (clam/cockle) Neu5Gc 379
Modiolus modiolus (northern horsemussel) Neu5Ac (heterogeneous) 380
Crassostrea gigas (Pacific oyster) Neu5Ac 80,381
Mytilus edulis (blue mussel) Neu5Ac 382
Arthropoda (arthropods)
Chelicerata
Limulus polyphemus (Atlantic horseshoe crab) Neu5Ac, Neu5Gc 79,383
Carcinoscorpius rotundicauda (Indian horseshoe crab) Neu5Gc, Neu5Aca2—6GalNAc-ol 384,385
Tachypleus tridentatus (Japanese horseshoe crab) Neu5Ac 386-388
Tachypleus gigas (Chinese horseshoe crab) Sia*** 389
Androctonus australis (Sahara scorpion) sialyllactose, Neu5Ac, Neu5Gc***¢ 390
Centruroides sculpturatus (bark scorpion) Neu5Ac, Neu5Gc*** 391
Mastigoproctus giganteus (whip scorpion) Neu5Ac, HexNAc*** 392
Heterometrus granulomanus (Indian scorpion) sialyllactose, Neu5Ac, Neu5Gc*** 393
Paruroctonus mesaensis (scorpion) Sia 394
Vaejovis spinigerus (scorpion) Neu5Ac, KDO, HexNAc*** 395
Hadrurus arizonensis (giant desert hairy scorpion) Neu5Ac, Neu5Gc > KDO 396
Aphonopelma chalcodes (spider) Sia, GIcNAc, KDO*** 397
Ixodes ricinus (castor bean tick) Sia, GIcNAc, Gal? 398
Ornithodoros moubata (soft tick) Neu5Ac, HexNAc 399
Crustacea (crustaceans)
Cancer antennarius (Pacific rock crab) Neu5,9Ac,, Neu4,5Ac, 400
Birgus latro (coconut crab) Neu5Ac***.¢ 401
Scylla serrata (mud crab) Neu5Gc 402
Homarus americanus (American robster) Neu5Ac, HexNAc 403
Pacifastacus leniusculus (signal crayfish) Sia? 404
Penaeus monodon (black tiger shrimp) Neu5Ac, HexNAc 405
Macrobrachium rosenbergii (giant freshwater prawn) Neu5Ac, Neu5,9Ac,, HexNAc 406
Tracheata
Allomyrina dichotoma (beetle) (Neu5Aca2—6)Galp1l—4GIcNAc 407
Teleogryllus commodus (black field cricket) Neu5Ac, HexNAc*** 408
Hyalophora cecropia (cecropia moth) NeuS5Ac?*** 409
Urochordata (tunicates)
Halocynthia pyriformis (sea squirt) Neu5Ac, Neu5Gc 410
Styela plicata (sea squirt) Neu5Ac, sialyllactose 410
Viridiplantae (plants)

Sambucus nigra (European elderberry) Siaa2—6Gal/GalNAc 411,412
Sambucus sieboldiana (Japanese elderberry) Siao2—6Gal/GalNAc 413,414
Sambucus canadensis (North American elderberry) Siaa2—6Gal/GalNAc 413
Maackia amurensis (Amur maackia)

leucoagglutinin (MAL) Neu5Ac/Neu5Gca2—3GalB1—4GIcNAc 415,416

hemagglutinin (MAH) Neu5Aca2—3Galpl—4[NeuSAca2—6]GIcNACc 416,417
Trichosanthes japonica (Mongolian snake gourd) Neu5Aca2—6(or HSO3;—6)Galb1—-4GIcNAc 418
(Trichosanthes Kirilowii var. japonica)
Saraca indica (Ashoka) Neu5Aca2—3/6Galf1—4GIcNAc** 419
Morus alba (white mulberry) Neu5Gc*** 420
Lactuca scariole (L.serriola, prickly lettuce) Sia?** 421
Viscum album (European mistletoe) Sia slightly enhances binding 422,423
Triticum aestivum (bread wheat) GIcNAc > Neu5Ac 424

Fungi (mushrooms)

Hericium erinaceum Neu5Gc, Neu5Ac 425
Agrocybe cylindracea Neu5Aca2—3Galp1—3GalNAc/GIcNAc 426
Polyporus squamosus Neu5Aca2—-6Galfl—4Glc/GIcNAc 427

a Systematic names and common names of organisms are according to the GenBank Taxonomy Database (http://www.ncbi.
nlm.nih.gov/Taxonomy/taxonomyhome.html/) and related web-based resources,and not always in complete accord with the original
literature. When appropriate data is not found in the above database(s), the names were left as reported in the original literature.
b The asterisks (*) indicate the criteria used in the original literature to claim sialic acid recognition by the lectin: *, sialidase
treatment of cells (erythrocytes) reduce lectin binding (hemagglutination); **, asialo-counterpart of the glycoconjugate (used as
competitive inhibitor) is less effective than intact one in inhibiting the lectin binding (hemagglutination); ***, sialic acid (or other
mono/oligosaccharide) inhibits lectin binding (hemagglutination). No asterisks are attached when more than one criteria was
used to prove sialic acid recognition or more detailed analysis was done on the binding specificity. Sia = sialic acid, type not
specified. In cases where the specificity is indicated only as Sia, binding of the lectin to sialic acids was determined by criteria *
and/or ** as above. In cases in which the evidence is even less robust, we list the item with a question mark (?). ¢ Sialic acid
significantly inhibits lectin binding (hemagglutination), but sialidase treatment of cells (erythrocytes) does not inhibit or even

enhance binding (hemagglutination).
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electrolyte imbalance. Other notable examples of
sialic acid-dependent toxins are those from Clostri-
dium tetani and Clostridium botulinum, causing
tetanus and botulism, respectively.

3. Protozoa

A well-studied example is EBA-175 of Plasmodium
falciparum (the protozoa which causes the most
virulent form of malaria).’®® EBA175 is suspected to
be involved in plasmodium infection of erythrocytes,
but there are some laboratory and field strains which
do not require sialic acid for infection.10°~111 A newly
discovered P. falciparum protein (BAEBL) is highly
similar to EBA-175 and shows similar properties
including sialic acid binding.'*? There are some other
sialic acid-binding lectins expressed by various pro-
tozoal pathogens, such as Tritrichomonas foetus!!3
and Entamoeba histolytica.'*

B. Vertebrate Endogenous Lectins

Needless to say, if sialic acids only serve as
recognition sites for dangerous pathogens, the deu-
terostome lineage of animals would be better off
without them. One reason that vertebrates cannot
afford to abandon sialic acids is that these animals
express their own (endogenous) lectins that recognize
sialic acids, many of them found in the immune
system.

1. Complement Factor H

This first reported example of a vertebrate sialic
acid-recognizing lectin is part of the alternative
pathway of complement, one of the earliest response
components of the innate immune system. The
protein consists of 20 short consensus repeats (ap-
proximately 60 amino acids per repeat unit, also
called “sushi” domains). Some of the repeat units are
involved in sialic acid recognition!'® and require an
intact unsubstituted sialic acid side chain (C7—C9).%*
Factor H is a regulatory (inhibitory) factor, and
binding to cell surface glycoconjugates containing
sialic acids prevents the alternate complement path-
way from inadvertently attacking “self” cells.'® For-
eign cells which are not covered with sialic acids will
not be protected by factor H and are hence exposed
to the attack by complement. Thus, pathogenic
microbes expressing sialic acids have a better chance
of evading immediate attack by the complement
pathway and tend to be more virulent.'>

2. Selectins

Selectins are a family of three C-type lectins
(defined by a shared structural motif and calcium
requirement for carbohydrate recognition) which
recognize particular carbohydrate structures contain-
ing sialic acids and fucose called sialyl Lewis x (LeX)
and sialyl Lewis a (Le?), with or without sulfation at
adjacent residues.'”:1%® E-selectin is expressed on
activated endothelial cells, L-selectin on leucocytes,
and P-selectin on activated platelets or endothelial
cells. All three are involved in leucocyte trafficking,*®
e.g., initiation of leucocyte localization at the site of
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inflammation (E- and P-selectin) and leucocyte hom-
ing to lymph nodes (L-selectin). P-selectin has also
been shown to be involved in tumor metastasis.'?°

Although the carbohydrate-dependent nature of
ligand recognition by selectins is established, they
appear to interact with a limited range of preferred
glycoprotein ligands in vivo. For example, P-selectin
selectively interacts with P-selectin glycoprotein
ligand-1 (PSGL-1), which expresses not only sialyl
LeX but also a cluster of three nearby sulfated
tyrosine residues which enhance the binding.t?
Crystal structures of E- and P-selectins with ligands
have been resolved,?? providing insight into the basis
of such specific interactions.

Selectins also recognize other (poly)anionic carbo-
hydrates, such as heparan sulfate,'*® although the
biological significance of such “alternative ligands”
is not clear. The phenotypical similarities between
the mice deficient in selectins!?* and those deficient
in a fucosyltransferase (FucT VII) which catalyzes a
crucial step in the synthesis of sialyl Le* and sialyl
Le? 125 suggests that the selectin interactions with
nonsialylated ligands are not prominent under labo-
ratory conditions. However, exogenously adminis-
tered heparin does reduce tumor metastasis in a
P-selectin-dependent mechanism.26

Selectin orthologs have been identified in several
vertebrates. There is a putative insect (Drosophila)
selectin ortholog called furrowed!?” which shares a
similar overall domain structure with selectins (C-
type lectin domain + multiple “sushi” repeats).
However, the C-type lectin domain is not quite
orthologous to those of the selectins (showing higher
sequence similarity to other C-type lectin domains
expressed in mammals), and there are no other
definite selectin orthologs in the invertebrate ge-
nomes currently available for evaluation.

3. Siglecs

Siglecs (sialic acid-binding Ig superfamily lectins)
are the largest family of mammalian sialic acid-
recognizing lectins.1?812° Sjglecs share a common
domain structure with an amino-terminal V-set Ig-
like domain, variable numbers (1—16) of C2-set Ig-
like domains, a single-pass transmembrane domain,
and a cytosolic tail (V-set/C2-set means that these
domains are similar to variable (V) and constant (C)
domains of immunoglobulin molecules). All Siglecs
other than Siglec-1 are known to have cytosolic
phosphorylation sites involved in intracellular signal
transduction.?®

In humans, 11 functional members (Siglecs-1—11)
and one Siglec-like molecule (Siglec-L1) have been
cloned and shown to be expressed on specific cell
types, such as macrophages (sialoadhesin/Siglec-1),
B-cells (CD22/Siglec-2), myeloid precursors/mono-
cytes (CD33/Siglec-3), and oligodendroglia and
Schwann cells (myelin-associated glycoprotein/Siglec-
4a). Many Siglecs (Siglecs-1, -3, -5, -7—10) are
expressed on the cells involved in innate immunity,
such as monocytes, macrophages, NK cells, and
granulocytes.’?® The number of Siglec genes appears
to be different between species, e.g., mice have only
eight Siglec genes.3°
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Biological functions of some of the Siglecs have
been elucidated through gene disruption: Siglec-2/
CD22 is involved in the regulation of B-cell acti-
vation31-134 and Siglec-4a/MAG in the maintenance
of myelin sheath structure.*® X-ray crystallography
of the first Ig-like domain of Siglec-1 in complex with
its ligand (NeuSAco2—3Galf1—4Glc) showed that the
side chains of three amino acid residues highly
conserved among Siglecs are in direct contact with
sialic acid.*® This confirmed the importance of these
residues in ligand recognition predicted by the pre-
ceding site-directed mutagenesis studies.?37-13°

There are more Siglec pseudogenes than there are
functional Siglec genes in human genome,**° sug-
gesting that numerous gene duplications and subse-
guent loss of function due to inactivating mutations
have taken place. This fact may have some relevance
to the ongoing evolutionary arms race between ver-
tebrate hosts and pathogens, as discussed in section
I11.C. A putative Siglec-4a/MAG ortholog Schwann
cell membrane protein (SMP or SCMP, Siglec-4b) in
birds (quail and chicken) is reported.'** There are
some database entries of cDNAs from the African
clawed frog Xenopus laevis which show significant
similarity to (and share conserved amino acid resi-
dues with) known mammalian Siglecs. Thus, at least
some members of the Siglec family may exist uni-
versally in vertebrates. There are no identifiable
Siglec orthologs in the invertebrate genomes cur-
rently available for evaluation. Thus, it is possible
that the sialic acid-binding features of Siglecs evolved
after the emergence of prominent expression of sialic
acids in deuterostomes.#?

4. Other Endogenous Lectins That Can Recognize Sialic
Acids

There are some other endogenous vertebrate mol-
ecules reported to recognize sialic acids, such as
CD83* and a neural adhesion molecule L1.14 The
former belongs to immunoglobulin superfamily but
does not have the defining amino acid residues of
Siglecs in its primary sequence. The latter (and many
L1-related family molecules) contain a very short
amino acid sequence motif YXFR (similar to the sialic
acid binding site in many Siglecs) in one of fibronectin
type 111 domains proposed as the putative sialic acid-
binding site.!** Some of the interleukins (interleu-
kins-1a, -13, -4, and -7) are also shown to exhibit
specific sialic acid recognition.®> However, these
cytokines have no sequence homology to other known
sialic acid-binding lectins. Other examples of possible
sialic acid-binding lectins in vertebrates include
laminin,'*> calreticulin,*® sarcolectin,’*” and calcy-
clin,’*® although some of these were found to have
rather broad specificity toward acidic sugars (e.g.,
hexose phosphates).'#’

C. Why Do Sialic Acids Have so Many Structural
Variations?

There are at least two major ways to explain the
evolution of structural variations in the sialic acids:
endogenous and exogenous recognition processes
(Figure 3). Probably both of these are valid to some
degree and together represent the major driving force
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A. Original state D. a2-3t0 02-6

Host cell

Host cell

Figure 3. Modifications of sialic acids and effects on the
recognition by endogenous/exogenous lectins. (A) Default—
both endogenous (left) and exogenous (right) lectins can
recognize sialic acids. If the pathogen lectin recognizes only
sialic acids, (B) substitution at the C5 position (e.g., from
Neu5Ac to Neu5Gc) or (C) substitution at the hydroxyl
group(s) (e.g., from Neu5Ac to Neu5,9Ac;) may prevent
recognition by the pathogen lectin. If the pathogen lectin
shows extended specificity toward proximal sugars, (D)
changing linkage of sialic acid (e.g., from a2—3 to a2—6),
(E) adding another sialic acid residue (e.g., from GMS3 to
GD3), or (G) adding another sugar at the proximal glycan
(e.g., from sialyllactosamine to sialyl Lewis*) may be also
effective at blocking recognition.

behind the generation of this remarkable chemical
diversity. Each of these processes are considered
below.

1. Specific Recognition by Endogenous Lectins—A
Driving Force from Within

One straightforward explanation for the diversity
and complexity of sialic acids would be that endog-
enous sialic acid-binding lectins have different speci-
ficities toward different sialic acid structure (“lock-
and-key”), and the preferred structure must be
expressed at the proper target site. For example,
mouse Siglec-2/CD22 prefers Neu5Gc to Neu5Ac,38
while mouse and human Siglec-1/sialoadhesins prefer
Neu5Ac.** Even more specific interaction was ob-
served between interleukin-4 and Neu5Ac 1,7-lac-
tone.?? Also, modification of sialic acid may “mask”
the sialic acid residue which would be otherwise
recognized by endogenous lectins, as proposed for
9-O-acetylation which blocks recognition by Siglec-
2/CD22% and lactamization of Neu (Neul,5-lactam)
which prevents recognition by L-selectin.®! There may
well be other examples yet to be discovered of such
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specific positive and negative regulation of endog-
enous lectin recognition by sialic acid modifications.

The complexity of sialic acids in echinoderms could
also be explained by the need for specific recognition
during fertilization.**° These animals release gametes
(sperms and eggs) into open-water environments
where they need to interact in a species-specific
manner to avoid creating infertile hybrids. One way
to prevent cross-species hybridization is synchronized
release of gametes within a defined time window
which is different from that of other species (“time-
sharing”). However, this would work even more
efficiently if these sperm and eggs have a species-
specific receptor—ligand pair. On the other hand,
sialic acid modifications could possibly drive specia-
tion of echinoderms: gametes from an individual that
acquired a new sialic acid modification may be able
to interact with only a fraction of gametes from the
same species with relaxed recognition specificity and
offspring of such mating may over generations de-
velop into a subspecies and eventually a new species.
In this scenario, sialic acid—gamete lectin (in)-
compatibility would work as a reproductive barrier.
In accordance with these hypotheses, gametes of
different species of sea urchins reportedly express
glycosphingolipids unique to each species.'5!

2. Evasion of Pathogens with Sialic Acid-Recognizing
Lectins—A Driving Force from Outside

Numerous pathogens recognize host sialic acids
(see section Il11.A and Table 2). Perhaps because of
their high rate of replication (allowing rapid evolu-
tion) and the survival and propagation of only the
most efficient and successful infectious units, patho-
gens tend to evolve lectins with relatively strict
specificity for sialic acid types and linkages. In
contrast, we have suggested that endogenous lectins
need to tolerate a certain degree of structural fluc-
tuation of ligands.'® This would allow evasion of
pathogens by changing modifications and linkages of
sialic acids on surfaces exposed to the pathogens, all
the while maintaining normal internal functions
(Figure 3). Even a decreased rate of infection (partial
immunity) may benefit the host by reducing the
severity of disease and limiting the spread of the
pathogen through the population. Also, pathogens,
by virtue of their shorter generation time, can
diversify much faster than more complex hosts with
longer generation times. As many pathogens evolve
different binding specificities, the hosts would have
to counter with various further modifications, thus
driving structural diversification of the sialic acids.
This notion conforms to an evolutionary concept
called the “Red Queen Effect”,'5® after the Red
Queen’s words to Alice in Through the Looking Glass,
“it takes all the running you can do, to stay in the
same place”. Of course, averting one pathogen by a
particular type of sialic acid modification could actu-
ally make the host more vulnerable to another (for
example, 9-O-acetylation of Neu5Ac prevents recog-
nition by influenza A virus, but this very structure
is the preferred ligand for influenza C virus). Since
evolution does not occur in a goal-oriented way, host
organisms are probably forced to diversify themselves
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by a shotgun approach involving a certain amount
of “waste”, which might make up some part of the
diversity in sialic acids in a given cell type of a given
species.

There is no direct experimental evidence to prove
this hypothesis. It is hard to trace evolutionary
changes of sialic acids in a multicellular host species
in relation to multiple pathogens with well-defined
sialic acid binding specificity. Aside from the com-
plexity and population size needed for such an
experiment, we simply do not live long enough to
witness the evolution of such multicellular organ-
isms. However, some circumstantial evidence ap-
pears to support the idea. For example, the efficiency
of viral infection is affected by the type of sialic acid
expressed on host cell surface, e.g., the case of
influenza A virus as described above. The prominent
location of sialic acid 9-O-acetylation on mucosal
surfaces and apparent changes in response to infec-
tion'415%5 suggest that sialic acid acetylation may
have originated as a countermeasure against patho-
gens. In support of this notion is also the fact that
such modified sialic acids tend to be relatively or
absolutely resistant to various microbial siali-
dases.?®6-1%8 On the other hand, many endogenous
sialic acid-binding lectins are associated with the
immune system and appear to be relatively tolerant
of sialic acid structural variations.'?®%%° These obser-
vations appear to support the hypothesis discussed
above—that endogenous receptors with relaxed rec-
ognition specificity are more permissive to sialic acid
modification, making it possible to evade pathogens
by modifying sialic acids without compromising en-
dogenous function. Of course, if the binding specificity
of a particular endogenous lectin is too strict and not
permissive to modifications, such a lectin gene might
be inactivated and/or replaced by a new lectin with
more relaxed specificity. Some of the numerous Siglec
pseudogenes in the human genome could represent
the results of such selection events.

Although the general direction of evolution of sialic
acids (or for that matter of any evolutionary process)
tends toward diversification, the same force may
sometimes cause loss of variety if the situation allows
it. For example, if a host can get rid of a particular
type of sialic acid (SiaX) and thereby reduce suscep-
tibility to certain types of pathogen(s) (without mark-
edly affecting endogenous lectin recognition), then
individuals with the genetic mutation causing such
loss may have better fitness (survival/reproductive
success) and the mutation will be positively selected
and eventually fixed in the whole species. In addition,
since the hosts can now generate antibodies against
SiaX, they may even protect themselves from patho-
gens transmitted from other species carrying such
SiaX. For example, the loss of Neu5Gc expression in
humans!6161 and the sporadic presence of anti-
Neu5Gc antibody in human blood*¢? could be related
to a zoonotic Neu5Gc-binding pathogen which threat-
ened human survival in the past.

Applying the same logic, the rather radically
diverse “sialic acids” repertoire in bacteria (Neu5Ac,
KDN, legionaminic acid, and pseudaminic acid) may
be explained by their evolutionary race against
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bacteriophages, the viruses that infect bacteria. It is
known that the host range of bacteriophage is often
determined by the polysaccharides expressed by the
host bacteria, and phage NM8, which infects and
lyses a soil bacteria (Sino)rhizobium meliloti M11S
strain, is shown to utilize the bacterial lipopolysac-
charides containing sialic acid as its attachment
site.”” Rhizobia are known to express various sialic
acids (Neu5Ac, KDN, and pseudaminic acid deriva-
tives) as well as KDO as components of their extra-
cellular polysaccharides.”® Hence, the diversity of
sialic acids in this group of bacteria might represent
an escape mechanism from bacteriophage infections.

Alternative linkages (a2—8 or a2—9) and sporadic
O-acetylation of Neu5Ac found in polysaccharides
produced by some pathogenic bacteria, such as E. coli
K1 and N. meningitidis group C,%* might be a
compromise between the necessity for these bacteria
to counter the bacteriophage threat while avoiding
detection by the host’'s immune system, which should
easily detect unusual sugars such as legionaminic
acid and pseudaminic acid. Indeed, Endo-N, an
enzyme expressed by bacteriophage phi 92 (a lytic
phage of E. coli K92 strain) which catalyzes hydroly-
sis of 02—8 linked poly(Neu5Ac) on the bacterial cell
surface, is unable to hydrolyze a2—9 linked poly-
(Neu5Ac).183 There are also examples of bacterio-
phage evasion by bacteria involving acetylation of
surface polysaccharides.'®

IV. Biosynthetic Pathways for Sialic Acids and
Other o-Keto Acids

As mentioned earlier, from the biosynthetic point
of view, all sialic acids (excluding certain bacteria-
specific sialic acid-like sugars) are derivatives of
either Neu5Ac or KDN. Although the biosynthetic
pathway of KDN appears to be very similar to that
of Neu5Ac,5~8 the enzymes involved are not as well
characterized; hence, the discussions below will focus
more on the biosynthesis of Neu5Ac. This pathway
in bacteria and vertebrates was elucidated in the
1960s, largely by efforts of the Roseman and Warren
groups (reviewed by E. J. McGuire in chapter 4 of
ref 165). The genetic basis for sialic acid expression
in the E. coli K1 strain was extensively studied over
the next few decades (reviewed in refs 65 and 166)
and later in N. meningitidis.'¢71¢ However, the
enzymes catalyzing these reactions in vertebrates
were only recently cloned. It is clear that the steps
of Neu5Ac biosynthesis in bacteria and vertebrates
are remarkably similar (Figure 4). In addition, this
pathway is very similar to that of KDO, an acidic
sugar commonly found as a core component of lipo-
polysaccharide in Gram-negative bacteria. This bio-
chemical similarity is reflected in the sequence
similarity of some of the enzymes involved in the
biosynthesis of these sugars, as discussed later.

A. Biosynthesis of NeubAc

As for most sugars, the ultimate source of Neu5Ac
is glucose. The unique portion of pathway for Neu5Ac
synthesis begins from epimerization of N-acetylglu-
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Figure 4. Pathways for Neu5Ac and KDO expression. (A)
KDO expression in bacteria. (B) Neu5Ac expression in
bacteria. (C) Neu5Ac expression in vertebrates. Enzymes
showing significant sequence similarity are boxed. Verte-
brate UDP-GIcNAc 2-epimerase/ManNAc kinase is a bi-
functional enzyme with characteristics of a fusion protein:
the N-terminal half is a UDP-GIcNAc 2-epimerase and
C-terminal half is a ManNAc kinase.17®
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cosamine (GIcNAc) to N-acetylmannosamine (Man-
NAC). Hence, we start the following discussion with
the enzymes catalyzing this reaction.

1. Synthesis of ManNAc(-6-phosphate)

In vertebrates, a bifunctional enzyme UDP-GIcNAc
2-epimerase/ManNAc kinase first converts UDP-
GlIcNAc to ManNAc and the ManNAc is immediately
phosphorylated at the C6 hydroxyl group to yield
ManNAc-6-phosphate.t69170 Alternatively, ManNAc-
6-phosphate can be synthesized by phosphorylation
of ManNAc by GIcNAc/ManNAc kinase if free Man-
NAc is available.!™* In bacteria, it is believed that
GIcNAc-6-phosphate is epimerized to ManNAc-6-
phosphate by GIcNAc-6-phosphate 2-epimerase (NeuC
in E. coli K1 strain, SiaA in N. meningitidis)72173
and then dephosphorylated by a phosphatase. How-
ever, there is a claim that ManNAc synthesis in
bacteria is similar to that in vertebrates, involving
UDP-GIcNAc epimerization and hydrolysis.'’* Re-
gardless, there is clear sequence similarity between
bacterial and vertebrate epimerases, suggesting that
these originated from the same ancestral gene.
Interestingly, many bacteria possess another GIcNAc
2-epimerase (UDP-GIcNAc 2-epimerase, which cata-
lyzes interconversion of UDP-GIcNAc and UDP-
ManNAc; WecB in E. coli)'”> which shows significant
similarity to vertebrate UDP-GIcNAc 2-epimerase
but not to the bacterial GIcNAc-6-phosphate epime-
rase. Perhaps these genes were duplicated a long
time ago in bacteria and diverged to such an extent
that the sequence similarity is no longer recognizable.

2. Synthesis of Neu5Ac

In vertebrates, ManNAc-6-phosphate is condensed
with phosphoenolpyruvate to yield Neu5Ac-9-phos-
phate (the reaction catalyzed by Neu5Ac-9-phosphate
synthetase!’%177) and the phosphate group is then
removed by a phosphatase which is yet to be cloned.
In bacteria, ManNAc and phosphoenolpyruvate are
condensed to yield Neu5Ac, the reaction being cata-
lyzed by a Neu5Ac synthetase (NeuB in E. coli K1
strain, SiaC in N. meningitidis).1’® The similarity
between bacterial and vertebrate enzymes is high—
in fact, the vertebrate enzymes were cloned based on
the sequence similarity to the bacterial enzyme.176:177
Although sialic acid aldolase (NanA in E. coli) can
also synthesize Neu5Ac by aldol condensation of
pyruvate and ManNAc,® the occurrence of Neu5Ac
in bacteria correlates better with the presence of
Neu5Ac synthetase than with the aldolase, suggest-
ing that the synthetase plays the major role in
Neu5Ac production. Interestingly, the sialic acid
aldolase shows very high sequence and structural
similarity to dihydrodipicolinate synthetase (an en-
zyme involved in lysine biosynthesis),”® suggesting
that it is a rather novel evolutionary invention
derived from the latter. Some mammalian aldolase
sequences are available in GenBank (accession num-
ber AJ271330, AKO002734, AF338436) and show
significant similarity to the bacterial enzymes.e0

3. Synthesis of CMP-Neu5Ac

In both bacteria and vertebrates, free Neu5Ac is
converted to the active form CMP-Neu5Ac using
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cytidine 5'-triphosphate (CTP), a reaction catalyzed
by CMP-Neu5Ac synthetase (NeuA in E. coli K1
strain, SiaB in N. meningitidis).’®18 |n verte-
brates!®® the synthesis appears to occur in nuclei, and
the product is then transported via a CMP-sialic acid
transporter® into the Golgi apparatus, where gly-
coconjugates are assembled. Bacteria do not require
such a transporter, since they lack intracellular
organelles. The bacterial and vertebrate CMP-
Neu5Ac synthetase are again remarkably similar,'83
although most of the bacterial orthologs appear to
be shorter and show similarity to only the N-terminal
half (~220 amino acids) of the vertebrate enzyme.
In other words, the vertebrate enzyme appears to be
a fusion protein of CMP-sialic acid synthetase to
another protein of unknown function.

4. Transfer of Sialic Acids to Glycoconjugates by
Sialyltransferases

The donor CMP-Neu5Ac is used by sialyltrans-
ferases to add Neu5Ac to acceptor substrates. In
mammals, 18 different types of sialyltransferases
have been cloned so far: one for the Siao2—6Gal
linkage, six for Siaa2—3Gal, five for Siao2—8Sia, and
six for Siaa2—6GalNAc (reviewed in refs 185 and
186; see ref 19 for nomenclature). These enzymes all
share certain sequence motifs named “sialylmo-
tifs”,18” suggesting their common ancestry. While
showing strict acceptor substrate specificity, their
donor substrate specificity can be somewhat relaxed,
e.g., many sialyltransferases can utilize CMP-Neu5Gc
and some can utilize CMP-Neu5,9Ac; as well® (the
biological significance of the latter fact is unclear,
since O-acetylation of sialic acids takes place after
incorporation of sialic acids into glycoconjugates). At
least one sialyltransferase (ST6Gal 1) was shown to
also utilize CMP-KDN.® On the other hand, there
appears to be a specific KDN-transferase in rainbow
trout.” Information about the rest of the transferases
needed to synthesize the known KDN linkages is
awaited.

In contrast to the apparent common ancestry of the
mammalian sialyltransferases, at least five unrelated
classes of sialyltransferases have been reported in
bacteria: a2—8(9) polysialyltransferases of E. coli K1/
K92 strains and N. meningitidis groups B/C,'*® a2—6
sialyltransferase of a marine bacterium Photobacte-
rium damsela,'®! 02—3/6 sialyltransferase of N. men-
ingitidis and N. gonorrhoeae involved in lipooligosac-
charide synthesis,®19? 02—3 sialyltransferase of
Haemophilus ducreyi/H. influenzae/Streptococcus aga-
lactiae,’"193 and a2—3 sialyltransferase of C. jejuni.®®
Interestingly, none of these bacterial sialyltrans-
ferases shows significant similarity to vertebrate
enzymes either, suggesting that bacterial and ver-
tebrate enzymes were invented independently. The
lack of sequence similarity even among the bacterial
enzymes suggests that sialyltransferases were rein-
vented many times in bacteria.

B. Can Genomic DNA Sequences Tell Us about
the Presence of Sialic Acid?

With the nucleotide sequence of the enzyme genes
in one hand and the whole-genome sequences in the
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other, we can now rapidly look for putative biosyn-
thetic mechanisms for Neu5Ac in a vast array of
organisms. Such a survey should be even more
sensitive than a screening approach employing bio-
chemical analysis. Even if the expression of a given
gene is difficult to detect because it is under strict
spatio-temporal regulation, the genomic DNA will
always contain the gene. In addition, immediate
access to the sequence information enables us to
analyze the phylogenetic relationship of these genes,
as discussed below. Of course such predictions should
be considered as a mere screening process, and the
actual presence (or absence) of sialic acid and en-
zymes involved in sialic acid biosynthesis must be
eventually verified by biochemical and/or genetic
analysis. Meanwhile, it is intriguing that such screen-
ing already gives us some insight into the evolution
of enzymes involved in sialic acid biosynthesis. Since
ManNAc is a rather common sugar in bacteria (as
in Gram-positive bacteria or as a precursor of N-
acetyl-b-mannosaminuronic acid, the enterobacterial
common antigen in Gram-negative bacteria!®*), the
presence of Neu5Ac(-9-phosphate) synthetase and
CMP-Neu5Ac synthetase genes seems to be good
criteria to predict the presence of sialic acid. There
are of course exceptions: H. influenzae, which does
not have Neu5Ac synthetase but has a CMP-Neu5Ac
synthetase, utilizes free Neu5Ac from host humoral
environment (transported via sialic acid permease)
to sialylate its lipooligosaccharide;°®> N. gonorrhoeae,
which lacks both enzymes, still sialylates its lipo-
oligosaccharide via a sialyltransferase that uses the
minute amount of free CMP-Neu5Ac in the host
humoral environment.*®® Thus, in scanning genome
sequences, the absence of evidence should not be
considered as evidence of absence.

1. Methanococcus jannaschii—An Archaeal Organism with
Sialic Acid?

The genome of a hyperthermophilic archaea M.
jannaschii'®” contains DNA segments similar to
Neu5Ac(-9-phosphate) synthetase and CMP-Neu5Ac
synthetases (these putative genes are numbered as
MJ1065 and MJ1063, respectively). The presence of
these genes in a cluster presumably involved in oligo/
polysaccharide synthesis suggests that they are
expressed together and synthesize glycan chains
containing sialic acid or a similar molecule. However,
there has been no direct report on the presence of
sialic acid in this or any other archaeal organism.
Such findings could imply that the origin of the sialic
acid biosynthesis pathway is quite old, even predat-
ing the split of bacteria and archaea/eukarya clades
(i.e., the common ancestor of cellular life might have
been capable of expressing sialic acids). On the other
hand, there are no similar genes in any of the other
archaeal genomes currently available. Thus, it could
also be that M. jannaschii acquired these genes by
lateral transfer.

2. Legionella pneumophila—Sialic or Not Sialic?

L. pneumophila (a bacterium causing Legionnaire’s
disease, a serious pulmonary infection in immuno-
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compromised individuals) expresses a homopolymer
of legionaminic acid (Figure 1C) as a distal part of
its lipopolysaccharide (LPS).1%8 Recent studies have
identified the segment of Legionella genome involved
in the biosynthesis of LPS,'? which contains putative
genes highly similar to the three genes involved in
the synthesis of Neu5Ac, namely, GIcNAc-6-phos-
phate 2-epimerase, Neu5Ac synthetase, and CMP-
Neu5Ac synthetase. While this bacterium does not
express Neu5Ac, these putative genes were shown
to be able to complement E. coli K1 mutants deficient
in these enzymes. From these results the authors
concluded that the biosynthesis of legionaminic acid
is similar to that of Neu5Ac.'? Although it is possible
that the precursor of legionaminic acid is a sugar
other than ManNAc, e.g., derivatives of quino-
vosamine (2-amino-2,6-dideoxy-p-glucose) or bacil-
losamine (2,4-diamino-2,4,6-trideoxy-p-glucose), the
origin of enzymes involved in the biosynthesis of
Neu5Ac and legionaminic acid appears to be common.

3. Drosophila melanogaster—Incomplete Tool Kit?

The fruit fly D. melanogaster was one of the first
multicellular organisms to have its genomic DNA
completely sequenced.'® Although our initial assess-
ment of the Drosophila genome did not show any
positive evidence for the Neu5Ac biosynthetic ma-
chinery,'? a more thorough analysis provides us a
somewhat different picture. Although the Drosophila
genome indeed lacks orthologous genes of enzymes
for synthesis of ManNAc (such as GIcNAc-6-phos-
phate 2-epimerase, GIcNAc 2-epimerase,?®© UDP-
GlIcNAc 2-epimerase/ManNAc kinase), it appears to
contain several other putative genes possibly involved
in the downstream aspects of the pathway. For
example, DNA segments similar to the genes of such
proteins as GIcNAc/ManNAc kinase!’? (GenBank
accession number of the putative protein: AAF55174),
Neu5Ac(-9-phosphate) synthetase (AAF54811), CMP-
Neu5Ac synthetase (not annotated), CMP-sialic acid
transporter (AAF45808, possibly another sugar
nucleotide transporter), and one sialyltransferase
(ST6Gal I-like, AAF47256) are found in the Droso-
phila genome. Thus, it is possible that if ManNAc is
provided by an external source and the expression
of all the other enzymes coincides at the right time
in the right place, Drosophila may be able to express
sialic acids, as previously reported.® The question is
the origin of ManNAc: it could be from the diet, or
from symbiotic/parasitic bacteria (e.g., Wolbachia), or
due to the existence of as yet unidentified enzymes
which can catalyze epimerization of GIcNAc.

4. Caenorhabditis elegans—No Sign of Sialic Acid

Another multicellular invertebrate animal that has
its entire genomic DNA sequenced is the nematode
C. elegans.??® Earlier literature reported the absence
of sialic acid in C. elegans.?%? In accordance with this
report, there seem to be no orthologs of the genes
involved in the biosynthesis of sialic acids (the
enzymes of ManNAc synthesis, Neu5Ac synthetase,
or CMP-Neu5Ac synthetase) in the genome of C.
elegans.
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C. Biosynthesis of KDO in Bacteria and
Comparison to that of NeubAc

KDO is expressed in Gram-negative bacteria (as
an essential component of lipopolysaccharides) and
in higher plants and green algae (as a component of
cell wall polysaccharides). The biosynthesis of KDO
(Figure 4) begins with condensation of p-arabinose-
5-phosphate and phosphoenolpyruvate to yield KDO-
8-phosphate (catalyzed by KdsA in E. coli). It is then
dephosphorylated and conjugated with CTP to yield
CMP-KDO (catalyzed by KdsB in E. coli), providing
the donor for KDO incorporation into oligo/polysac-
charides by KDO-transferase (KdtA in E. coli). The
similarities in chemical structures of KDO and
Neu5Ac and in the reactions involved in the biosyn-
thesis of these sugars suggests a common evolution-
ary origin. Indeed, the CMP-KDO and CMP-Neu5Ac
synthetases show significant sequence similarity to
each other. However, the rest of the genes in the
pathways do not. Given the dissimilarity among
bacterial sialyltransferases themselves, the dissimi-
larity between KDO transferases and sialyltrans-
ferases is not too surprising. However, it is rather
puzzling that the KDO-8-phosphate and Neu5Ac(-9-
phosphate) synthetases do not show recognizable
sequence similarities. This could be a reflection of
different facial selectivity of these enzyme reac-
tions: in the KDO-8-phosphate synthesis reaction,
phosphoenolpyruvate approaches from the re face of
the aldehyde group of b-arabinose-5-phosphate (hence
the configuration at C4 of the product is R),?% while
in Neu5Ac synthesis it is probably from the si face
of the aldehyde group of ManNAc(-6-P) (hence the
configuration at C4 of the product is S). Thus, we may
need the three-dimensional structure of Neub5Ac
synthetase and knowledge of key residues involved
in the substrate recognition and catalytic reaction
before recognizing similarities of the two enzymes.
Meanwhile, there is in fact, such a precedent: an-
other 2-keto-3-deoxy acid, 3-deoxy-bp-arabino-heptu-
losonic acid 7-phosphate (DAHP, an intermediate in
shikimic acid pathway, which produces aromatic
amino acids in bacteria, plants, and fungi), is syn-
thesized from p-erythrose-4-phosphate and phospho-
enolpyruvate by DAHP synthetase via a very similar
reaction to KDO-8-phosphate synthesis. However, the
structural and sequence similarities between these
enzymes in E. coli were revealed only after the crystal
structures of DAHP synthetase?** and KDO-8-phos-
phate synthetase?®® were determined and conserva-
tion of several key residues at structurally ortholo-
gous positions were found.?*> Overall, we can conclude
that at least some aspects of the KDO and sialic acid
biosynthesis pathways are evolutionarily related.

D. Phylogenetic Relationships of Enzymes
Involved in Sialic Acid Biosynthesis

In an attempt to obtain better insights into the
evolutionary history of sialic acids, we constructed
phylogenetic trees for two essential enzymes in sialic
acid biosynthesis: CMP-Sia synthetase (Figure 5A)
and Neu5Ac(-9-phosphate) synthetase (Figure 5B).
These trees were reconstructed using the neighbor-
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joining method,?% which tries to find the evolutionary
relationships of the genes based on the sequence
similarities (distances) between all possible pairs of
the genes in the set. Essentially the same tree
topology was obtained using another method called
maximum parsimony (which tries to emulate the
path of evolutionary changes while minimizing the
number of changes necessary to explain the current
status of the genes). As discussed below, these trees
actually suggest that the genes involved in biosyn-
thesis of sialic acids may be ancient in origin and not
unique inventions in deuterostomes which were later
introduced via lateral transfer to pathogenic bacteria.
In fact, the genes of pathogenic bacteria do not show
more significant sequence similarity to vertebrate
genes than to the orthologous genes from other
sources such as Drosophila, i.e., the branch of patho-
genic bacterial genes is not rooted between the
branches for Drosophila and vertebrates, which
should be the case if lateral gene transfer(s) had
occurred (see Figure 5).

1. CMP-KDO and CMP-Neu5Ac Synthetases

The significant sequence similarity of CMP-KDO
and CMP-Neu5Ac synthetases allows us to analyze
the phylogenetic relationship of these enzymes and
their relatives in the available genome databases. As
shown in Figure 5A, there are three major branches:
one for CMP-KDO synthetases, one for CMP-Neu5Ac
synthetases, and the third for related genes of
unknown function. Because three of the five genes
in this third group (M. jannaschii, B. subtilis, and
C. crescentus 1) are physically adjacent to the Neu5Ac
synthetase-like genes in the respective genomic DNA
(i.e., in a gene cluster), they are likely to catalyze
sugar nucleotide synthesis, with a substrate similar
to sialic acid. Thus, this group probably represents
part of the extended CMP-Neu5Ac synthetase family.

The CMP-KDO synthetases and CMP-Neu5Ac
synthetases form mutually exclusive clades, implying
that these two groups of enzymes originated from an
ancestral enzyme gene by a duplication, subsequently
acquired distinct functions, and then became nonin-
terchangeable. The timing of such a gene duplication
is difficult to estimate from this tree (we have too
few samples from archaea and eukarya to infer it
with confidence). From the fact that all three domains
of life (archaea, bacteria, and eukarya) are repre-
sented in the CMP-Neu5Ac + “CMP-Sia” synthetase
clade, it is tempting to propose that the duplication
happened in the common ancestor of all cellular
organisms. However, we cannot rule out the possibil-
ity of lateral gene transfer between bacteria and
archaea?”” or bacteria and eukaryotes.?® It is also
possible that some of the genes included in the
analysis are inappropriate, i.e.,“the third branch”
may be irrelevant after all and the gene in cyano-
bacterium Synechocystis may not be a CMP-Neu5Ac
synthetase, since this organism does not have Neu5Ac
synthetase-like gene.

Peripheral branch topologies (the way branches are
clustered/split) of the CMP-Neu5Ac synthetase clade
provide some limited insight into the origin of sialic
acids. CMP-Neu5Ac synthetase genes in animals
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A. CMP-Neu5Ac/CMP-KDO synthetases

CMP-Neu5Ac synthetase clade

Synechocystis sp.
(cyanobacteria)
Helicobacter pylori (€)

Campylobacter jejuni 2 (g)
Rhizobium meliloti (o)
Aeromonas caviae (Y)

Campylobacter jejuni 3 (g)
Campylobacter coli (g)
Streptococcus agalactiae (L)

Escherichia coli (y)
Neisseria meningitidis (B)
Haemophilus influenzae (y)
Pasteurella rﬁultocida )

Haemophilus ducreyi (y)

Campylobacter jejuni 1 (g)
Legionella pneumophila (y)

Treponema pallidum (spirochete)
Caulobacter crescentus 1 (o)
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“CMP-Sia” synthetase clade

Caulobacter crescentus 2 (a)
Methanococcus jannaschii
(archaea)

Bacillus subtilis (L)

Chlamydophila pneumoniae
(chlamydia)
Arabidopsis thaliana (thale cress)
Zea mays (maize)
Rickettsia prowazekii (o)

Aquifex aeolicus (aquificale)
Helicobacter pylori (€)
Campylobacter jejuni (g)
Xylella fastidiosa (y)
Pseudomonas aeruginosa (y)
Haemophilus influenzae (y)

Pasteurella multocida (y)
Escherichia coli (y)

. 10% Vibrio cholerae (
Streptomyces coellco/0( (H) change Neisseria meningitigl)s )
Oncorhynchus mykiss (trout) Mesorhizobium loti (o)
Mus musculus (mouse) Caulobacter crescentus (o)
Hormo sapiens (human)
Drosophila melanogaster )
(fruit fly) CMP-KDO synthetase clade
B. Neu5Ac(-9-phosphate) synthetases C. Sialidases
T.pallidum (spirochete)
Cjejuni2 (€) T.cruzi S T.cruz_’/;'ll;s TS (prot )
C.crescentus (. jejuni 2 (g) T iT _brucei protozoa
Ameliot (@ () C.cofé (€) lactiae (U B rar(wz)el S S.typhimurium (y)
.meliloti (o .agalactiae .pyogenes )
. E.c0li () M.viriditaciens (H) C.perfringens 2 (L)
A.caviae (y) ooy A.viscosus (H) C.sordellii (L)
L.pneumophila (y) H.sapiens 1 P.multocida 2 (y)

C.jejuni 3 (g)
M.jannaschii
(archaea)
H.pylori (€)
B.subtilis (L)
D.melanogaster
(fluit fly)
H.sapiens (human)
M.musculus (mouse})

S.coelicolor (H)

C.jejuni1 (g)

N.meningitidis ()
R.capsulatus (o)

-~ 10% change

M.musculus 1

H. sapiens 2
M.musculus 2
H.sapiens 3
M.musculus 3
S.coelicolor 1 (H)

S.coslicolor 2 (H)

P.aeruginosa (y)

V.cholerae (y)
B.fragilis (CFB group)

P.multocidat (y)
C.tertium (L) S.pneumoniae (L)
M.decora (leech) E.rhusiopathiae (L)
C. perfringens 1 (L) C.septicum (L)

—— 10% change

Figure 5. Phylogenetic relationships of enzymes involved in the metabolism of sialic acids. (A) CMP-Neu5Ac synthetases
and CMP-KDO synthetases, (B) Neu5Ac(-9-phosphate) synthetases, and (C) sialidases from various sources. In A, the
CMP-KDO group serves as the root of CMP-Neu5Ac synthetase group and vice versa. Notice that the genes from metazoan
animals (fly and vertebrates) are monophyletic (form an exclusive clade) in both A and B. The association of S. coelicolor
with metazoan animals’ clade may be an indication of horizontal gene transfer (see text). The letters in parentheses following
the systematic names of bacteria specify their classifications: o—e, proteobacteria (Gram-negative) oo—e subdivisions; H,
high G+C Gram-positive bacteria; L, low G+C Gram-positive bacteria. In C, trypanososma sialidase and trans-sialdiases
are indicated with capital S and TS, respectively. Vertebrate sialidases NEU1, NEU2, and NEUS3 are indicated with
numbers.

(fruit fly, rainbow trout, mouse, and human) are
monophyletic (forming an exclusive branch), suggest-
ing that the ancestor of all metazoan animals carried
this gene (and probably sialic acids). Surprisingly,

one of the bacteria (Streptomyces coelicolor, a Gram-
positive bacterium) seems to have shared an ances-
tral gene with these animals, suggesting a possibility
of lateral gene transfer between the ancestors of this
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bacterium and eukaryotic animals. We cannot infer
the direction of this gene transfer, because the
samples from these groups of organisms are so
limited and the root is so deep. Additional sequence
information from sialic acid-positive fungi (e.g., C.
albicans, C. neoformans, and A. fumigatus) and
protozoa (e.g., E. histolytica and D. discoideum) may
help in improving the resolution of the analysis.
Whole-genome DNA sequencing of most of these
organisms is currently under way.

The topology of CMP-Neu5Ac synthetase tree
strongly implies lateral transfers of this gene among
bacteria. For example, quite distant species of bac-
teria carry very similar copies of this gene (e.g.,
Gram-negative bacteria E. coli and Gram-positive
bacteria S. agalactiae), and the different copies of this
gene in a single organism shows remarkable se-
quence divergence, each showing higher similarity
to the gene from other bacteria (C. jejuni strain
NCTC11168). In contrast, the branching pattern for
the CMP-KDO synthetase tree more faithfully re-
flects the phylogenetic relationships of these organ-
isms deduced from ribosomal RNA2%° and from some
other essential genes. Only a few irregularities are
observed, e.g., monophyly of a-proteobacteria Rick-
ettsia prowazekii and hyperthermophilic bacteria
Aquifex aeolicus and monophyly of higher plants and
chlamydia. The latter is proposed to be the evidence
of bacteria-to-(proto)plant lateral transfer of the
CMP-KDO synthetase gene.?10:211

2. NeubAc(-9-phosphate) Synthetases

The picture provided by the phylogenetic analysis
of Neu5Ac(-9-phosphate) synthetase (Figure 5B) is
less informative, partly because we cannot define the
root of the tree (to define the root we need an
outgroup, i.e., a branch consisting of another gene
which shares an ancestor with the gene of interest).
However, assuming that the root is somewhere near
the center of the wheel, the topologies of “peripheral”
branches suggest some interesting possibilities. For
example, the monophyly observed for the genes from
metazoan animals (fruit fly, mouse, and human)
again suggests the common ancestor of these animals
had a prototype of this gene (hence sialic acids). As
with CMP-Neu5Ac synthetase, the putative Neu5Ac-
(-9-phosphate) synthetase of the bacterium S. coeli-
color forms a monophyletic branch with metazoan
animals, strengthening the impression that lateral
transfer between the ancestor of this bacterium and
an early eukaryotic organism might have happened.
The bacterial branches again show irregular cluster-
ing patterns not conforming to their organismal
phylogeny, suggesting that multiple lateral transfers
of this gene have happened between bacteria belong-
ing to different groups. An interesting new paper
shed light on the significance of divergent multicopy
Neu5Ac synthetases in C. jejuni, which suggests that
each copy has a distinct function.?'?

V. Biosynthesis of Modified Sialic Acids

As can be seen from Table 1, most sialic acid
modifications reported to date have been found in
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deuterostomes and a few in bacteria. Unfortunately,
as of today, there is not much sequence information
on the enzymes involved in generating these modi-
fications. CMP-Neu5Ac hydroxylase,® which adds an
oxygen atom to the acyl group of Neu5Ac to generate
CMP-Neu5Ge, is the only gene in this category ever
cloned. Much effort has been directed toward purify-
ing and cloning the enzyme(s) directly involved in the
transfer of acetyl groups to the hydroxyl groups of
sialic acids but with limited success.?'32'4 As for other
modifications (e.g., 8-O-methylation/sulfation), the
rarity of such modified sialic acids in vertebrates
makes them unattractive as sources to purify or clone
the enzymes involved in such modifications: echino-
derms are far better suited for this purpose. However,
DNA sequence information concerning echinoderms
is quite limited at this time. Progress in the sea
urchin genome project as well as in the sea urchin
EST (cDNA) project is awaited.?*®> This may give us
new clues to identify enzymes involved in sialic acid
metabolism and modifications and to analyze the
significance of structural diversity of sialic acids.

Although the amount of information currently
available for the enzymes is limited, the narrow
range of organisms (echinoderms and vertebrates)
expressing these modified sialic acids raises the hope
that they will share a certain conserved motif in-
volved in sialic acid recognition. If so, the cloning of
one of these enzymes will lead to accelerated discov-
ery of the rest, based on the sequence similarity.

A. CMP-Neu5Ac Hydroxylase

CMP-Neu5Ac hydroxylase (monooxygenase) is a
cytosolic enzyme which introduces a single oxygen
atom to the N-acetyl group, giving CMP-Neu5Gc.%216
This enzyme requires some cofactors: NAD(P)H,
cytochrome bs, and cytochrome bs reductase.?'”:218 |t
is considered to be the only documented pathway to
generate Neu5Gc de novo: the expression of this
enzyme and that of Neu5Gc in tissues show a
generally positive correlation,®?'® and a mutation in
this enzyme (a 92 base pair exon deletion universal
in modern humans)6%.220 explains the almost com-
plete lack of Neu5Gc in human tissues. It is interest-
ing that while there is an equivalent enzyme in the
starfish Asterias rubens,??! there seems to be no
orthologous gene in bacteria, explaining why bacteria
do not express Neu5Gc. Thus, this enzyme may be a
unique invention in eukaryotes. However, the active
site of this enzyme contains a Rieske iron—sulfur
center,??2 a motif commonly found in many prokary-
otic proteins involved in redox reactions. A recent
comprehensive analysis of the phylogeny of such
enzymes showed that the CMP-Neu5Ac hydroxylases
form a unique subgroup with a very ancient root.??3

B. Sialic Acid O-Acetyltransferases

O-Acetylation of the sialic acid side chain (C7—C9
hydroxyl groups) predominantly takes place in the
Golgi apparatus, and O-acetyltransferase enzyme(s)
associated with Golgi membrane catalyze this reac-
tion.?24225 The fact that different types of cells show
different preferences toward O-acetylation of specific
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glycan classes and sialic acid linkages'%2?42%6 suggests
that there are several O-acetyltransferases with
different acceptor substrate specificities. The other
possibility is a family of adaptor proteins which
modify the substrate specificity of a single enzyme.
The O-acetyltransferase(s) use acetyl coenzyme A
(acetyl CoA) as a donor, and there is uncertainity as
to whether the intact donor or just the acetyl group
is transferred across the Golgi membrane.??” Regard-
less, these enzymes introduce acetyl groups initially
to the hydroxyl groups at the C7 or C9 position of
sialic acids.??* Acetyl groups at C7 can then sponta-
neously migrate to the C8 and C9 hydroxyl groups
under physiological conditions.??8?2° There is also
evidence for an enzyme which accelerates this migra-
tion in vivo.23° Although there are bacterial enzymes
involved in 9-O-acetylation of the Neu5Ac side chain,
the properties of the enzyme appear to be drastically
different from those of vertebrate enzymes.?3!

Sialic acids containing 4-O-acetyl groups seem to
be prominently expressed only in a limited group of
animals, such as horse, donkey, guinea pig, and
echidna.?32233 A sialic acid 4-O-acetyl transferase
activity, also associated with Golgi membrane, has
been identified in guinea pig liver.?** However, 4-O-
acetyl groups are very difficult to detect when they
are present in small amounts. This together with the
identification of 4-O-acetyl sialic acids as receptors
for a mouse hepatitis virus® and the antibody-based
detection of putative 4-O-acetyl-GM3 in human colon
carcinomas?® suggests that the 4-O-acetyl modifica-
tion is actually more widespread in vertebrates than
currently presumed.

C. Sialic Acid 8-O-Methyltransferase

Methylation of sialic acids at the C8 position was
once considered to be unique to the echinoderms.
However, it appears that vertebrates too express this
kind of sialic acid, although in minute amounts.*° The
enzyme-catalyzing transfer of methyl groups from
S-adenosylmethionine to the C8 hydroxyl group of
sialic acid (sialic acid 8-O-methyltransferase) has
been identified in starfish A. rubens.?*6 However, no
genes have been cloned.

D. Other Modifications

Given the existence of such modifications as 9-O-
lactyl and 8/9-O-sulfo-sialic acids, it is natural to
assume the presence of sialic acid O-lactyltransferase
and 8/9-O-sulfotransferase. Also, there should be an
enzyme which catalyzes the transfer of an acetyl
group to the glycolyl group of Neu5Gc (to make
Neu5GcAc). However, nothing has been published so
far on these enzymes. It is possible that lactylation
of the C9 (or C7?) hydroxyl group may be catalyzed
by a sialic acid O-acetyltransferase if lactyl-coenzyme
A is available. However, the presence of such a
molecule in vertebrate tissues has not been reported.

VI. Degradation of Sialic Acids

In this review we do not discuss in detail the
pathways and enzymes involved in the degradation
of sialic acids, e.g., sialic acid O-acetylesterase,?37:238
sialidase,?3°242 sialic acid transporter,?® and sialic
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acid aldolase,?** since we considered these less rel-
evant to the evolution of sialic acid diversity. How-
ever, these enzymes and proteins are obviously of
great importance to the biological functions of sialic
acids. For example, deficiency in lysosomal sialidase
(NEU1) and sialic acid transporter (SLC17A5) results
in sialidosis?®*® and sialic acid storage disorder,?*3
respectively (both are neurodegenerative disorders
leading to lethality).

Phylogenetic relationships of sialidases from vari-
ous sources are shown in Figure 5C. Since we cannot
define the root again, the picture provided by the tree
is not very useful to understand the history of this
class of enzyme. However, if we look at the “periph-
eral” branches, the vertebrate enzymes (Neul, 2, 3)
seem to form a monophyletic clade with the sialidases
from actinomycetes (Gram-positive, high G+C bac-
teria) including, again, S. coelicolor. There are two
other interesting anomalies: first, trypanosoma
(trans-)sialidases are clustered together with a group
of bacterial sialidases and, second, Macrobdella
decora (leech; protostome) sialidase is clustered
together with another group of bacteria (Clostridia).
All these observations point to the possibility of
lateral gene transfer. Similar interkingdom lateral
gene transfers were also suggested for sialic acid
aldolase between Trichomonas vaginalis and some
bacteria®®® as well as vertebrates and some bacte-
ria. o

VII. Sialic Acid Metabolism Genes Shared Only
among Vertebrates and Bacteria

The International Human Genome Sequencing
Consortium reported the presence of more than 200
putative human genes that appear to be shared
exclusively among vertebrates and bacteria, possibly
via lateral transfer.?#6 A recent paper narrowed the
list by applying more stringent criteria and pointed
out that alternative explanations were possible even
for these, including lineage-specific gene loss, sample
size effects, and evolutionary rate variation.?*’ In-
terestingly, we have noted that 7 of the 40 or so
remaining candidates are involved in the sialic acid
biosynthesis (CMP-Neu5Ac synthetase, UDP-GIcNAc
2-epimerase/ManNAc kinase, and GIcNAc 2-epime-
rase) or turnover/degradation (ganglioside sialidase,
cytosolic sialidase, sialic acid-specific acetylesterase,
and sialic acid aldolase, aka N-acetylneuraminate
lyase). Thus, a pathway involving ~0.05% of the
human genome represents almost 20% of the poten-
tial examples of lateral gene transfer between ver-
tebrates and bacteria. Although CMP-Neu5Ac syn-
thetase should be excluded from the list (it has a
putative ortholog in fruit fly genome as described
above), the rest of the 7 genes appear to be primarily
shared by vertebrates and bacteria and many of the
latter are pathogenic bacteria (Varki, Angata, and
Gagneux, unpublished observations). A related ar-
ticle'® pointed out that sialic acid aldolase may be a
case of lateral gene transfer, although the direction
of the transfer (bacteria-to-vertebrates or vice versa)
cannot be inferred. Regardless of the mechanism
(lateral transfer, lineage-specific gene loss, and/or
evolutionary rate variation), the very fact that these
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genes are observed exclusively in vertebrates and
bacteria suggests that sialic acids have been involved
in an evolutionary “arms-race” between these organ-
isms, as discussed in this review.

VIIl. Concluding Remarks and Future Prospects

We have attempted here to summarize new dis-
coveries in the field of sialic acid biology with an
emphasis on the structural diversity of sialic acids,
the enzymes involved in the biosynthesis of sialic
acids, and the lectins that recognize sialic acids. In
addition, we adopted an evolutionary perspective to
try and gain insights into the biological significance
of sialic acids. With regard to the diversity of sialic
acid structure, we have suggested that their evolution
be considered not only in the context of specific
recognition by endogenous lectins, but also in light
of the necessity of multicellular host organisms to
constantly change to evade pathogens which utilize
sialic acids on the host cell surface. We also tried to
estimate how sialic acids have emerged, based on
phylogenetic analyses of the enzymes involved in the
biosynthesis of sialic acids. We consider our analysis
inconclusive, largely due to the poor representation
of eukaryotes in the phylogenetic analysis. However,
some general conclusions can be stated here. First,
it appears likely that at least some aspects of the
KDO biosynthesis pathway of bacteria and the sialic
acid biosynthesis have common evolutionary origin.
Given the more conventional distribution and phy-
logenetic relationships of CMP-KDO synthetases in
bacteria and considering the similarity of KDO-8-
phosphate synthetase to DAHP synthetase involved
in an essential metabolic pathway (aromatic amino
acid biosynthesis), it is reasonable to speculate that
KDO biosynthesis pathway was ancestral to sialic
acid biosynthesis pathway. Second, the traditional
explanation that sialic acids were invented in the
deuterostome lineage is not supported by our analy-
ses. Instead, our analyses suggest that the origin of
the sialic acid biosynthetic pathway predates the split
of protostome and deuterostome lineages, possibly
even the separation of the three domains of life. On
the basis of these observations, we consider that three
evolutionary scenarios are compatible with the cur-
rently available data (see Figure 6). In the first
scenario, the sialic acid biosynthesis pathway is
evolutionarily very ancient, predating the emergence
of the three major branches of life. In this scenario,
the genes of this pathway were then partially or
completely lost in most species in most lineages, with
the exception of the deuterostomes, a few proto-
stomes, and some prokaryotes. The apparent pres-
ervation of the pathway in microbial pathogens could
then be explained by its survival advantage in
vertebrate hosts and its frequent lateral transfer
among bacteria (however, the bacteria which origi-
nally conserved this pathway would not have had
vertebrate hosts available and may have utilized
sialic acids for some other purposes, such as self-
defense from bacteriophages). In the second scenario,
the sialic acids were invented in bacteria after the
split of the bacteria and archaea/eukarya clades and
later introduced via lateral gene transfer(s) to a
limited number of organisms belonging to archaea
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Figure 6. Possible scenarios for the invention and spread
of sialic acids. Presence of sialic acids are indicated with
solid circles, and possible presence of sialic acid in archaea
(M. jannaschii) predicted from genomic DNA sequence
analysis is indicated with an open circle. In scenario 1,
sialic acid (or rather the biosynthetic machinery for the
expression of sialic acid) was invented in the common
ancestor of cellular life, inherited in all three domains of
life, but subsequently lost in most of the lineages. In
scenario 2, sialic acid was invented in bacteria and spread
to other domains of life via horizontal (lateral) transfer.
In scenario 3, sialic acid was invented in eukaryotes (prior
to the split of deuterostome and protostome lineages) and
spread to other domains via horizontal transfer.
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and eukarya (including, perhaps, the single-cellular
ancestor of eukaryotic animals). The reason we
presume that a single-cellular eukaryotic organism
was the recipient of bacterial DNA is that such an
organism has a much better chance of incorporating
foreign DNA into its genome and transmitting to its
offspring, compared with a multicellular organism
which has separate cell lineages (germ-line cells) set
aside for reproduction.?®® Even in this scenario we
have to assume extensive gene losses in many of the
lineages descended from such protoanimals. In this
regard, a curious fact is that a large number of
protostomes seem to have soluble lectins that recog-
nize sialic acids (see Table 4). Since many of these
lectins seem to be involved in host defense, it is
possible that an early ancestor in the protostome
lineage found it beneficial to eliminate expression of
sialic acids and instead recognize it as a foreign
epitope on invading pathogens. In the third scenario,
sialic acid was a unique invention in metazoan
animals (deuterostomes + protostomes) and all other
life forms that have sialic acids acquired the genetic
tool kit from descendants of these animals. Thereaf-
ter, the pathway would have been prominently
expressed in the deuterostomes and suppressed or
partially eliminated in the protostomes. The occur-
rence of sialic acids in microbial pathogens would
then have resulted either from lateral gene transfer
from animals prior to the protostome:deuterostome
split (as in pathogenic bacteria) or by convergent
evolution involving genes that cannot be identified
by homology searching (as in some pathogenic fungi).
However, given the conspicuous absence of the KDO
pathway in eukaryotes (except in plants which do not
express sialic acids), it is rather unlikely that sialic
acids were invented de novo in the immediate ances-
tor of metazoan animals (i.e., without any preexisting
pathway serving as template).

As discussed earlier, it is interesting that a Gram-
positive bacterium S. coelicolor (not a known verte-
brate pathogen) not only has a putative Neu5Ac(-9-
phosphate) synthetase and CMP-Neu5Ac synthetase,
but also appears to have the enzymes involved in the
degradation of sialic acids (sialidases and sialic acid
aldolase, although the latter is more similar to
dihydrodipicolinate synthetase). As mentioned above,
S. coelicolor genes possibly involved in sialic acid
metabolism also appear to be more closely related to
those of metazoan animals than those of other
bacteria. Although it is highly speculative, it could
be the case that a good part of the enzymatic system
of sialic acid metabolism in animals may have
originated in the ancestor of this bacteria and was
introduced by lateral transfer to a single-celled
ancestor of metazoan animals. The most likely mech-
anism for such lateral transfer is via symbiosis or
predation,!8248 and this bacteria could have become
a symbiont for nascent eukaryotes because of its
ability to produce antibiotics.?*® The ancestor of
metazoan animals lacked a complex immune system
(adaptive immunity is considered to be an invention
in vertebrates?®?), and the capability to produce
antibiotics through symbiosis could have provided the
ancestral animal (or ancestral eukaryote) with a
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great survival advantage. The genes involved in the
sialic acid metabolism may have thus become incor-
porated to the eukaryotic genome as a side effect of
such a symbiosis or cohabitation. Of course, the
direction of such lateral gene transfer could be the
reverse, and it also remains possible that the simi-
larities in the enzymes of this bacteria and animals
may be just a coincidence, due to parallel evolution
or even a bias in amino acid usage. Regardless, these
considerations appear to be good reasons to initiate
studies of sialic acid metabolism in Streptomyces as
well as in some lower eukaryotes, such as protozoa.

The continuing expansion of DNA sequence infor-
mation in the future will make it possible to look into
the deeper roots of sialic acid phylogeny with im-
proved accuracy. Molecular cloning of many enzymes
involved in the modifications of sialic acids will also
be necessary to further our understanding of the
mechanism and significance of structural diversity
of sialic acids. Additional mouse “knock-outs” of
enzymes involved in the biosynthesis and modifica-
tion of sialic acids, as well as their endogenous
receptors such as Siglecs, will provide more clues to
understanding the importance of endogenous recog-
nition involving sialic acids. We may also have to
consider experimental systems to examine the hy-
pothesis on the Red Queen Effect and the evolution
of sialic acid diversity, perhaps employing a bacteria—
bacteriophage system. These new approaches, in
combination with classic chemical and biochemical
approaches, will provide us new dimensions and
better appreciation of the significance of the sialic
acids in biological phenomena.

IX. Glossary

Gram-Positive and Gram-Negative Bacteria.
Traditionally, bacteria were roughly classified by a
method called Gram staining. Gram-positive bacteria
generally have thicker cell walls, while Gram-nega-
tive bacteria (which are not stained) have thinner cell
walls coated with a membrane of lipid bilayer. Gram-
positive bacteria are further classified into two major
groups: those which have high guanine (G) and
cytosine (C) content (as high as 75%!) are called high
G+C group (or actinobacteria), and those which have
low G+C content are called low G+C group (includ-
ing Bacillus and Clostridium).

Deuterostomes and Protostomes. Animals (mul-
ticellular eukaryotes with the ability to move on their
own “will”; anima = soul) are broadly classified into
deuterostomes and protostomes, based on the differ-
ence in their patterns of embryogenesis (embryonic
development). In general, the digestive tract of pro-
tostomes is formed from the part which later becomes
the mouth (proto = first, stome = mouth). In contrast,
in deuterostomes the digestive tract is formed from
the part which later becomes the anus, and the
mouth is formed secondarily (deutero = second). The
major branches of protostomes include arthropods
(Tracheata = mainly insects; Chelicerata = ticks,
spiders, horseshoe crabs; Crustacea = shrimps and
crabs) and molluscs (Gastropoda = slugs, snails and
conchs; Bivalvia = shellfishes; Cephalopoda = octo-
puses and squids). The major branches of deutero-
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stomes include vertebrates (mammals, birds, reptiles,
amphibians, fishes), ascidians (sea squirts), and
echinoderms (starfish, sea cucumbers, sea urchins).
The phylogenetic position of nematodes (round worms)
is not clear, and these are included in protostomes
in some classifications.

Genome. The original definition of genome is “a
minimal set of genetic materials necessary and
sufficient for the proper functioning of the organism”.
For cellular organisms, the physical entity which
stores genetic information is DNA (hence called
genomic DNA). However, it is now clear that a large
proportion of genomic DNA in eukaryotic cells does
not have any obvious functions (hence does not
represent a “minimal set of genetic material”), and
even functional segments are often dispensable (hence
not “necessary and sufficient for the proper function-
ing of the organism”). Therefore, practically, the
genome may be defined as “an entire set of genetic
materials that is replicated and passed down to the
next generation”.

[Molecular] Phylogenetics and Phylogeny.
Phylogenetics is a field of research concerned with
the evolutionary trajectory and aims at the best
possible reconstruction of the history of descent of
organisms (i.e., phylogeny; how different but related
species, extant and extinct, have emerged from their
ancestors and form different branches/clades/phyla).
Traditionally, phylogenetic analysis relied on pheno-
typical similarities (morphological, biochemical, etc.)
and fossil records. Molecular phylogenetics is a newer
division of phylogenetics which employs molecular
sequence data (typically nucleotide sequence of DNA)
to estimate (infer) the evolutionary history of mol-
ecules. The same methodology employed in molecular
phylogenetics can be used to estimate organismal
evolution if some criteria are met: e.g., (1) the genes
have not been exchanged (shuffled) between species
in the past, (2) the copies of the gene from different
species are sufficiently similar to allow comparison
but sufficiently different to provide necessary resolu-
tions. However, sometimes these criteria are not met,
often due to lateral gene transfers (which violates
criteria 1) or too frequent/too infrequent mutations
(which violates criteria 2). Thus, phylogenetic trees
built from molecular sequences (gene trees) do not
always reflect the “true” phylogenetic relationships
of the organisms.

Three Domains of Life: Eukarya (eukary-
otes), Bacteria (eubacteria), and Archaea (ar-
chaebacteria). All cellular life can be classified into
three major groups (“domains”), i.e., eukarya (eu-
karyotes), bacteria (formerly called eubacteria), and
archaea (formerly called archaebacteria). This clas-
sification is based on sequence similarities in ribo-
somal RNA, an essential component of protein bio-
synthesis machinery of all living cells. Eukarya are
defined by the presence of a true nucleus, which
envelopes genomic DNA, the genetic material to be
replicated and passed down to the descendants.
Bacteria and archaea lack a true nucleus (but nev-
ertheless harbor genomic DNA within the cell) and
are often collectively called prokaryotes. Bacteria and
archaea are distinguished by several biochemical
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differences, such as the composition of cellular mem-
brane lipids. Since these three types of cellular life
are considered to have emerged a few billion years
ago, estimating their precise relationship is still
challenging and controversial.

Lectin. Proteins which recognize particular types
of glycans are collectively called lectins. Antibodies
which recognize glycans are excluded from this
definition as are enzymes involved in the biosynthesis
of glycans (which frequently recognize glycans/sugars
as target substrates). The word lectin was originally
used to describe plant proteins which recognize
glycans/sugars, but the definition is now expanded
to include such proteins from all sources.

Protozoa and Metazoa. Metazoa are multicellu-
lar animals (=~ deuterostomes + protostomes). Pro-
tozoa are single-celled eukaryotic organisms which
show similarity to animal cells rather than to plants
or fungi. For example, amoebae, trypanosomes, plas-
modia, and slime molds are all classified as protozoa.
Because the classification “protozoa” includes so
many different kinds of paraphyletic life forms, it is
often considered not meaningful from the phyloge-
netic point of view. However, we used this word for
convenience in this review because protozoan lin-
eages did split from metazoa before the latter di-
verged into protostomes and deuterostomes.

GenBank. GenBank is the largest publicly acces-
sible database of nucleotide and protein sequences
maintained by National Center for Biotechnology
Information (NCBI), a division of National Institute
of Health (NIH). It cooperates with two other major
sequence databases, i.e., the European Molecular
Biology Laboratory (EMBL) and the DNA DataBank
of Japan (DDBJ). NCBI's web site (http://www.ncbi.
nim.nih.gov/) provides gateways not only to GenBank
but also to other useful literature (PubMed, OMIM),
taxonomy, and protein structure databases.

Vertical vs Lateral/Horizontal [Gene] Trans-
fer. The very basic (traditional) assumption of evolu-
tion is that genetic material is passed from the
ancestor to descendant (vertical transfer) and ex-
change of genetic materials takes place only between
the individuals belonging to the same (sexually
reproducing) species. However, it is now clear that
prokaryotes frequently engage in cross-species ex-
change of genetic materials (lateral transfer). Some
evidence suggests that such lateral transfer is not
limited to prokaryotes but also occurs between
prokaryotes and single-cell eukaryotes (the direction
is generally from prokaryote to eukaryote, rather
than the other way around). This finding has impor-
tant implications for the phylogeny of organisms: the
universal phylogenetic tree of organisms may not be
represented by a successively branching tree but
rather by a complex network with some threads
representing lateral transfers of individual genes.

Hemagglutinin (haemagglutinin). This word
describes an entity which can cause agglutination of
red blood cells (*hemocytes” in old terminology). It
has been frequently used to describe viruses which
cause hemagglutination. Lectins of viral origin which
cause hemagglutination are traditionally called he-
magglutinins rather than “viral lectins”. However, it
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should be noted that a hemagglutinin does not
always recognize glycans on the red blood cells (the
hemagglutinin may recognize proteins), and even
when it recognizes glycans, sialic acid is not always
the sugar being recognized.

Neuraminidase (sialidase). This is best defined
as an enzyme which catalyzes hydrolysis of the
a-ketoside linkage between sialic acids and proximal
sugars. The two words are interchangeable.

Homolog, Paralog, and Ortholog. Consider a
simple model where a pair of genes arose from a gene
duplication, such that species A has two similar
genes, Xa and Ya, and species B has two similar
genes, Xb and Yb. Also assume that the common
ancestor C (which no longer exists) of A and B had
genes Xc and Yc which are closely related. The genes
Xa and Xb, which are in different species but shared
an immediate common ancestor Xc, are orthologs.
The same applies to the pair [Ya,Yb]. The pairs
[Xa,Xb], [Xa,Yb], [Xb,Ya], [Ya,Yb], which do not share
immediate common ancestors but are nevertheless
related by their ancestry, are called paralogs. All six
pairs shown above are homologs.

Neighbor-Joining (distance-based method) and
Maximum Parsimony. These two methods are
frequently used in phylogenetic analysis to estimate
(infer) the path of evolution. The former is a distance-
based method which tries to estimate the evolution-
ary relationships of extant genes based on the matrix
of pairwise distances or “sequence (dis)similarities”
between all possible sequence pairs. The assumption
is that the more similar two genes are, the more
recently these two must have shared a common
ancestor. The latter (maximum persimony) tries to
emulate the path of evolution which explains current
status of genes while minimizing the number of
changes (mutations) necessary. There are some other
methods available for phylogenetic analysis (tree
reconstruction), notably the maximum likelihood
method, based on detailed probablistic models of
nucleotide changes.

Topology of the Phylogenetic Tree, Mono-
phyly, and Paraphyly. The topology of a phyloge-
netic tree refers to how its branches are clustered
together/split from each other, which in turn indi-
cates how these genes/species are related to each
other. A cluster of terminal branches connected by
common ancestry which in turn is clearly set apart
from the rest is called a monophyletic group (or clade)
and the topology monophyly. For example, in the
CMP-Neu5Ac synthetase clade of Figure 5A, the
cluster [human,mouse,trout,fruit fly] is monophyletic,
since these clusters include all branches descending
from a common ancestor (the putative CMP-Neu5Ac
synthetase gene in the ancestor of all metazoa). If
we leave out the fruit fly from the above cluster (i.e.,
the cluster [human,mouse,trout]), it is still mono-
phyletic, since it still includes all branches descend-
ing from a common ancestor (the putative CMP-
Neu5Ac synthetase gene in the common ancestor of
all vertebrates). On the other hand, if we leave out
humans from the above cluster (i.e., the cluster
[mouse,trout]), it is no longer monophyletic but it now
becomes paraphyletic.
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Root of Tree and Outgroup. The root of a tree,
in short, represents the common ancestor of all genes
(or organisms) represented in the phylogenetic tree.
In traditional phylogenetics, a fossil which shows the
presumed characteristics of a common ancestor for
all organisms represented in the phylogenetic tree
may serve as the root of the tree, if one can find such
a fossil. However, in molecular phylogenetics, one
cannot directly analyze such ancestral DNA se-
guences in most cases because such an ancestor is
long dead and its DNA cannot be recovered. To define
the root of a tree one needs to find an outgroup
(evolutionary outlier), e.g., (1) a gene which shares
common ancestry with the gene of interest or (2) an
outlier within the group if one can find it a priori. In
the case of phylogenetic analysis involving deep
evolutionary time, neither is often possible. One way
to define the root of a tree without using an outgroup
is to find a midpoint from the tips of all terminal
branches (midpoint rooting). However, this simple
method explicitly assumes that the mutation rate has
been constant on all the branches over time (in other
words, “the molecular clock was in effect”), which is
often an unrealistic assumption.

Different Modes of Cohabitation: Symbiosis,
Commensalism, and Parasitism. When two dif-
ferent species live in close contact and one serves as
the host to the other, there may be three different
(but functionally continuous) modes of cohabitations.
First, when the relationship benefits only the “guest”
and is detrimental to the host, the relationship is
defined as parasitism. Most pathogens belong to this
category. Second, when the relationship has no
obvious benefit to either organism but no harm
either, such a relationship is called commensalism
(from commensalis = “at table together” in Latin).
Some of the bacteria (enterobacteria) living in ver-
tebrate gastrointestinal tracts may belong to this
group of commensal organisms. Finally, when the
relationship is mutually beneficial (or at least ben-
eficial to one of the partners and not detrimental to
the other), such cohabitation is described as a sym-
biosis. For example, rhizobia (a group of bacteria)
which inhabit the root nodules of leguminous plants
and fix nitrogen are considered symbionts. Some
intracellular organelles, such as mitochondria (found
in higher eukaryotes) and chloroplasts (found in
green plants), are considered as relics of ancient
prokaryote/eukaryote symbiotic relationships.

X. Footnote

For all DNA database searches described in this
review, we used the TBLASTN program?®! to search
for homologs of the proteins of our interest in the
nonredundant (NR) division of GenBank database at
National Center for Biotechnology Information (http:/
www.ncbhi.nlm.nih.gov), unless otherwise stated.
Amino acid sequences of the proteins, mostly those
of the enzymes involved in the biosynthesis of sialic
acids in human, mouse, and a bacterium E. coli strain
K1, were used for such homology searches. Sequence
matches with the Expect (E) value <1 were consid-
ered significant. The E value is a parameter that
describes the number of hits one can “expect” to see



464 Chemical Reviews, 2002, Vol. 102, No. 2

just by chance when searching a database of a
particular size. For example, an E value of 1 assigned
to a hit can be interpreted as meaning that in a
database one might expect to see 1 match with a
similar score simply by chance.

When a member of a multigene family (e.g., mouse
CMP-sialic acid transporter) was used as a template,
many paralogs (e.g., mouse UDP-Gal transporter,
human UDP-Gal transporter, human UDP-GIcNAc
transporter, etc.) in addition to the putative orthologs
in other organisms (e.g., human CMP-sialic acid
transporter) were also found significantly similar to
the template (query sequence). In such cases, “mutual
best match” was employed as an additional criteria
to define orthologs: for example, if gene X in organ-
ism A shows the highest similarity to gene Y in
organism B (among all homologs in organism B) and
Y shows the highest similarity to X (among all
homologs in organism A), these two genes were
considered orthologous.

Phylogenetic analyses were performed as follows:
the amino acid sequences of an appropriate set of
proteins were downloaded from GenBank database
(for a comprehensive list of the proteins used for the
construction of phylogenetic trees and their accession
numbers, see Supporting Information). The amino
acid sequences were aligned using ClustalW software
(http://lwww?2.ebi.ac.uk/clustalw/) and analyzed for
the phylogenetic relationships using PAUP4.0 soft-
ware package (Sinauer Associates). Distance-based
matrixes of pairwise comparisons were used to
construct phylogenetic trees by the neighbor-joining
method.?®® No attempts were made to refine the
alignments of the amino acid sequences prior to
phylogenetic analysis. Sequence alignment files used
for the construction of the phylogenetic trees are also
available as Supporting Information.

XI. Supporting Information

Protein sequences used for the reconstruction of
phylgenetic trees. This material is available free of
charge via the Internet at http://pubs.acs.org.
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