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Despite more than 3 billion years since the origin of life on earth, the powerful forces of
biological evolution seem to have failed to generate any living cell that is devoid of a
dense and complex array of cell surface glycans. Thus, cell surface glycans seem to be as
essential for life as having a DNA genetic code, diverse RNAs, structural /functional proteins,
lipid-based membranes, and metabolites that mediate energy flux and signaling. The likely
reasons for this apparently universal law of biology are considered here, and include the fact
that glycans have the greatest potential for generating diversity, and thus evading recognition
by pathogens. This may also explain why in striking contrast to the genetic code, glycans
show widely divergent patterns between taxa. On the other hand, glycans have also
been coopted for myriad intrinsic functions, which can vary in their importance for organ-
ismal survival. In keeping with these considerations, a significant percentage of the genes
in the typical genome are dedicated to the generation and/or turnover of glycans. Among
eukaryotes, the Golgi is the subcellular organelle that serves to generate much of the
diversity of cell surface glycans, carrying out various glycan modifications of glyco-
conjugates that transit through the Golgi, en route to the cell surface or extracellular
destinations. Here | present an overview of general considerations regarding the selective
forces shaping evolution of the Golgi glycosylation machinery, and then briefly discuss
the common types of variations seen in each major class of glycans, finally focusing on
sialic acids as an extreme example of evolutionary glycan diversity generated by the
Golgi. Future studies need to address both the phylogenetic diversity the Golgi and the
molecular mechanisms for its rapid responses to intrinsic and environmental stimuli.

very eukaryotic cell is covered with a dense
Eand complex array of glycans, which also
feature prominently in extracellular matrix
and secreted soluble molecules (Varki and
Sharon 2009). The bulk of these glycans are
synthesized by the Golgi (Emr et al. 2009; Varki
et al. 2009a), and a significant percentage of
the genes in the typical eukaryotic genome

are dedicated to these glycosylation functions
(Henrissat et al. 2009). Other articles on this
topic address the primary biochemical path-
ways involved (Stanley 2011), transport mecha-
nisms that expose the transiting cargo to the
ordered sequence of glycosidases and glycosyl-
transferases that carry out the modifications to
the bound oligosaccharides (Glick and Luini
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2011; Banfield 2011), genetic diseases that can
affect the Golgi glycosylation system (Freeze
and Ng 2011), and the evolution and diversity
of Golgi apparatus structure in eukaryotes
(Klute et al. 2011). Here I consider the Golgi
glycosylation machinery from an evolutionary
perspective, asking why it is universal to eukar-
yotes, how it has changed and been modified
over evolutionary time, and why this machinery
has diverged so much between different taxa.
Some figures in this article are from Essentials
of Glycobiology, the first open access textbook
(http://www.ncbi.nlm.nih.gov/bookshelf/br.
fcgitbook=glyco2). The reader is referred to
the relevant articles in Essentials of Glyco-
biology (Varki and Sharon 2009; Varki et al.
2009a; Freeze and Elbein 2009; Varki and
Lowe 2009) for further information about
some of the points made here, as well as to
some other articles in the textbook on related
topics (Stanley et al. 2009; Brockhausen et al.
2009; Schnaar et al. 2009; Ferguson et al.
2009; Freeze and Haltiwanger 2009; Stanley
and Cummings 2009; Varki and Schauer
2009; Hascall and Esko 2009; Esko et al. 2009).

CELL SURFACE GLYCOSYLATION IS
UNIVERSAL TO LIVING CELLS

In striking contrast to mathematics, physics,
and chemistry, biology has very few absolute
laws. This is because biology is the product of

e Genetic code based on DNA (Genome)

o Diverse RNAs: mRNA, miRNAs, etc. (Transcriptome)
o Structural and functional proteins (Proteome)

o Energy flux and signalling molecules (Metabolome)

o Lipid-based membranes (Lipome)

o Cell surface and secreted glycans (Glycome)
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undirected evolutionary processes, which can-
not generate universal designs, and indeed often
generates “unintelligent design” (Avise 2010).
Aside from a genetic code (DNA contained
within a genome) (Crick 1970) and diverse
RNAs comprising a transcriptome (Wilusz
et al. 2009) (Fig. 1), all living cells have struc-
tural and functional proteins (contained in
the proteome) (Yates et al. 2009), key metabo-
lites that mediate energy flux and signaling
(Gehlenborg et al. 2010; Vinayavekhin et al.
2010; Wallace 2010) (contained in the metabo-
lome); and lipid-based membranes (a part of the
lipome, or lipidome) (Shevchenko and Simons
2010) (Fig. 1). In addition to these apparent
universals, it is a remarkable rule that all living
cells in nature are covered (see Fig. 2 for an
example) with a dense and complex array of gly-
cans (a part of the glycome) (An et al. 2009;
North et al. 2009; Alley and Novotny 2010;
Cohen and Varki 2010). Even nonnucleated
enveloped viruses are coated with glycans
derived from the cells from which they bud.
More than 3 billion years of evolutionary
“experimentation” has apparently failed to
select for any cell devoid of surface glycans.
Thus, this feature of having a cell surface “glyco-
calyx” seems to be an absolute requirement
for survival as a cellular life form. However,
although the existence of a glycocalyx seems as
essential to life as having a genetic code, there
is a striking difference with regard to diversity

Informational
diversity

Evolutionary
conservation

Figure 1. Universal characteristics of all living cells. As indicated in the figure and discussed in the text, cell sur-
face glycosylation is among the key features that are universal to all living cells. However, in contrast to the genetic
code, the degree of evolutionary conservation of glycans between taxa is the least. The likely reasons for this dif-
ference are discussed in the text. In eukaryotes, most of the resulting structural diversity of cell surface glycosy-

lation is generated by the Golgi apparatus.
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Figure 2. An example of the thickness of the cell sur-
face glycocalyx. Shown is an electron microscopic
overview of a rat left ventricular myocardial capillary
stained with Alcian blue 8GX. Alcian Blue will react

with acidic glycans such as glycosaminoglycans and
sialic acids, as well as the nonGolgi derived glycan
hyaluronan (bar = 1 pm). It can be seen that the gly-
cocalyx on the luminal surface of the vessel wall is
almost as thick as the underlying endothelial cell,
which synthesizes it (Used with permission from
van den Berg et al. 2003).

and conservation (Fig. 1). As a rule of thumb,
evolutionary conservation is roughly in the
order genetic code > RNA sequences > pri-
mary protein sequence > metabolic pathways
> cellular lipid composition > surface glycan
structures. The reverse order seems to apply to
structural diversity (Fig. 1). Particularly striking
is the remarkable structural diversity of cell sur-
face glycans, as well as those of the extracellular
matrix and secreted molecules, most of which
are also glycoconjugates. In addition, when it
comes to eukaryotic cells, most of these diverse
forms of glycosylation are generated by the
Golgi (Varki et al. 2009a).

WHY IS CELL SURFACE GLYCOSYLATION
APPARENTLY UNIVERSAL TO ALL LIVING
CELLS IN NATURE?

Ifa cell could exist in nature without cell surface
glycosylation, surely 3 billion years of evolution
would have selected for one that is covered
only with proteins and lipids, featuring mini-
mal or no glycans on it? The fact that this has ap-
parently never happened indicates very strong
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evolutionary selective forces that favor the
presence of dense and complex glycocalyx on
cell surfaces. Although glycosylation is required
for many important biological processes that
are intrinsic to multicellular organisms (Varki
and Lowe 2009), it is unlikely that this was the
only evolutionary selection force, as all unicellular
organisms also have cell surface glycosylation.
The more prominent universal evolutionary
force has likely been interactions between organ-
isms, in pathogen or symbiont relationships
(Varki 1993; Drickamer and Taylor 1998; Gag-
neux and Varki 1999; Varki 2006; Bishop and
Gagneux 2007; Varki et al. 2009b).

If cells were coated only with proteins, it
would be more difficult for an organism to
escape from a pathogen that evolves to bind to
one of these proteins (Gagneux and Varki
1999; Bishop and Gagneux 2007). The reason
for this is that random amino acid changes are
not usually well tolerated by most proteins.
The majority of such changes are likely to affect
folding and/or stability, rendering the protein
partially or completely dysfunctional. Thus, it
would be difficult for an organism besieged
by a protein-recognizing pathogen to rapidly
evolve tolerable changes to the structure of the
target protein, without losing its functions. In
keeping with this, the great majority of patho-
gens initiate contacts with host cells via glycan
targets (for examples, see Ofek and Sharon
1990; Ilver et al. 2003; Esko and Sharon 2009).
Indeed, the minority of pathogens that bind
only to surface proteins tend to be relatively
successful in their selected niche. In contrast
to proteins, glycans have many features that
make it more difficult for a pathogen to gain
and maintain a hold. First, most glycans do
not have rigid structures and instead have sig-
nificant freedom of motion in aqueous solution
(Poppe and van 1991; Fadda and Woods 2010;
Woods and Tessier 2010). Thus, the common
analogy of a cell surface being like a forest is
actually incorrect—it is more like a coral reef
or kelp bed on the ocean floor (a suggestion
by Pascal Gagneux). A second likely reason
for the universality of surface glycosylation is
that most intrinsic glycan functions are me-
diated not by a single absolutely required
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sequence, but by an ensemble of glycan struc-
tures, spanning a continuum that can carry
out the functions (Varki and Lowe 2009). In
other words, glycan functions tend to be more
“analog” than “digital.” Thus, it would be eas-
ier for a host to escape a pathogen by partially
or subtly changing its glycosylation, without
drastically altering its own intrinsic functions.
Thirdly, given the complex chemistry of gly-
cans, there are many more structural variations
possible in glycan evolution, such as change of
a glycan linkage, a change in branching, varia-
tions in glycan modification, a change of a
terminal glycan, or even altered clustering of
an existing glycan (Gagneux and Varki 1999).
These are just some of the likely reasons why
glycans dominate the cell surface biology
of all living organisms, even when showing
wide variations in structural patterns between

Host glycans mediate
intrinsic functions
and pathogen binding

Pathogens evolve
to bind to
host glycans

N
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species, and even within species. Of course, all
of these considerations also apply to symbiotic
relationships, an aspect much less studied, com-
pared to pathogenic interactions. Figure 3 con-
siders the interplay between various forces
driving the evolutionary diversification of gly-
cans (Varki 2006), as addressed in several sec-
tions that follow.

MOST PATHOGENS AND SYMBIONTS
RECOGNIZE HOST CELL GLYCANS AS A
FIRST STEP OF ATTACHMENT

As discussed above, the majority of microorgan-
isms use glycans as primary or secondary targets
for recognition of host cells. This is not surpris-
ing, given the universality of glycosylation on
the cell surface. The generally more rapid evolu-
tion of the pathogens in comparison to slower

Host glycans as decoys
to divert pathogens

Pathogens evolve
to avoid host
decoy glycans

Host with altered
glycans survives (_/

Pathogens evolve
molecular mimics
of host glycans

Host recognizes pathogen
glycans as “Non-self”

Figure 3. Forces driving the evolutionary diversification of glycans. Each arrowed circle represents a potential
vicious cycle, driven by a “Red Queen” effect, in which hosts are constantly trying to evade the more rapidly
evolving pathogens that infect them. Hosts require glycans for critical cellular functions but must constantly
change them to evade glycan-binding pathogens, yet without impairing their own survival. Hosts also produce
soluble glycans such as mucins, which act as decoys to divert pathogens from cell surfaces; but pathogens are
constantly adjusting to these defenses. Hosts recognize pathogen-specific glycans as markers of “non-self,”
but pathogens can modify their glycans to more closely mimic host glycans. There are also possible secondary
Red Queen effects involving host glycan binding proteins that recognize “self” In each of these cycles, hosts with
altered glycans that can still carry out adequate cellular functions are most likely to survive. (Modified with per-

mission from Varki [2006].)
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reproducing hosts then results in survival of the
“fittest” pathogen, explaining why such glycan-
binding phenomena are often exquisitely spe-
cific, and of relatively or absolutely high affinity
(because of multivalent avidity or univalent
good fit, respectively). Indeed, pathogen and
symbiont glycan binding is often of higher affin-
ity and specificity than glycan binding phenom-
ena mediating intrinsic functions.

HOSTS MUST CONSTANTLY CHANGE THEIR
GLYCANS, TO LIMIT PATHOGEN
INTERACTIONS

Meanwhile, hosts in turn must constantly
change their glycans to survive, by limiting
pathogen interactions. In this regard, Golgi
apparatus-mediated static or dynamic cell-type
specific variations in glycosylation within an
organism could play a key role in limiting the
success of a pathogen. This is currently a poorly
studied area. However, given that pathogens
evolve more rapidly, hosts face a “Red Queen”
situation (Van Valen 1974) wherein they must
“keep running to stay in place” (Gagneux and
Varki 1999; Varki 2006). Thus, dynamic changes
mediated by the Golgi might not be sufficient,
and permanent species-specific changes may
be needed, mediated by selection of genetic
changes that ultimately affect Golgi structure
and function (Bishop and Gagneux 2007).

PATHOGENS OR SYMBIONTS MUST ALSO
EVOLVE RAPIDLY, TO MAINTAIN HOST
GLYCAN RECOGNITION

As discussed above, the rapidity of multipli-
cation of most pathogens enhances the rate at
which they can continually optimize their bind-
ing sites for host target glycans. This likely
explains the exquisite specificity and relatively
high affinity of such interactions. Of course,
this variability also represents the “Achilles
Heel” of such pathogens, because increasing
specificity of binding provides an opportunity
for hosts to evade recognition by slightly chang-
ing the glycan binding site, without altering
its intrinsic functions within the host (Gagneux
and Varki 1999). Of course, the pathogens
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usually win such an “arms race” in the end.
Far less is known about how symbiont binding
of glycans evolves, but the issues involved are
likely to be relatively similar.

MANY HOST GLYCANS HAVE IMPORTANT
OR ESSENTIAL INTRINSIC FUNCTIONS

Although pathogen and/or symbiont relation-
ships may have primarily driven the universality
and rapid divergence of eukaryotic cell surface
glycans, there have also been hundreds of mil-
lions of years of opportunity for hosts to use
these glycans to evolve useful intrinsic func-
tions. Indeed, given the high density, com-
plexity, and ubiquity of cell surface and
extracellular matrix glycans, it is not surprising
that many intercellular interactions in eukar-
yotes are mediated or modulated by the struc-
ture and variations of glycans (Varki and Lowe
2009). These intrinsic glycan functions will
not be discussed in detail here, but broadly
include: protective, stabilizing, organizational,
and barrier functions; modulating the interac-
tion of proteins or lipids with one another; act-
ing as a protective storage depot for biologically
important molecules; preventing diffusion of
critical factors (sometimes generating gra-
dients), allowing release of factors under spe-
cific conditions; acting as specific ligands for
certain intrinsic lectins; involvement in cell—
cell recognition and cell-matrix interactions,
and so on (Varki and Lowe 2009). It should
also be kept in mind that once a new glycan or
glycan modification is expressed in a multicel-
lular eukaryote, many distinct functions could
evolve in different tissues and at different times
in development. In addition, if any of these
functions enhance survival and reproductive
fitness of that species, the mechanisms involved
would tend to become conserved, to the extent
possible under prevailing circumstances.

HOSTS MAY DISCARD NONCRITICAL
GLYCANS TO ALLOW SURVIVAL OF THE
SPECIES

Some intrinsic glycan functions are critical
enough that they cannot be discarded to avoid
a pathogen, and still allow survival of a species.
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However, the Golgi can assist the host response
by dynamically changing the presentation of
the glycan on the cell surface or the underlying
glycosylation pattern, as happens, for example,
during the “acute phase response” of hepato-
cytes to inflammation, which changes the
glycosylation patterns of many plasma proteins
(Baumann and Gauldie 1994). Occasionally a
host species may be able to discard the Golgi
machinery for generation of a specific noncrit-
ical glycan, to allow survival from pathogen
assault. Of course in this situation “noncritical”
is really a relative statement; as such a host is
faced with multiple intrinsic consequences of
the change in glycosylation. However, as long
asitis not markedly detrimental to reproductive
fitness, such a change may be the only way out
of an evolutionary corner created by extreme
selection pressure from a pathogen. Of course,
depending on the length of time that the selec-
tion pressure is applied and how detrimental it
is, one could end up with a glycan population
polymorphism, rather than a permanent fixed
change in the host species (Bishop and Gagneux
2007). Many examples of both situations can be
found in nature, such as the ABO blood group
polymorphisms in humans (Milland and San-
drin 2006), the elimination of the a-Gal epitope
in Old World monkeys (Galili 2005), and loss of
the sialic acid Neu5Gc in humans (Varki 2010).

HOSTS CAN USE FOREIGN GLYCANS ON
PATHOGENS FOR IMMUNE RECOGNITION

It is well known that the innate immune system
has multiple receptors that recognize non-self
glycans and trigger immune responses (Linehan
et al. 2000; Takeuchi and Akira 2010). Indeed,
prior to the emergence of the adaptive immune
system ~500 million years ago, this mechanism
formed the major component of the immune
response against foreign invaders. Thus, once a
species has discarded or substantially modified
a preexisting glycan, the opportunity then arises
to use such a glycan as a flag to recognize for-
eign invaders (Bishop and Gagneux 2007).
This of course requires the evolution of binding
proteins within the host that recognize the for-
eign glycan, to mediate immune responses. It

is unclear how long such a process might take
in evolutionary time. Meanwhile, the somatic
genetic diversity that can be engendered by the
humoral immune response allows antibodies
to provide the earliest such responses, in animals
with an adaptive immune system. Of course, the
adaptive immune response can sometimes do
more harm than good (Hedrick 2004).

PATHOGENS CAN EVOLVE MOLECULAR
MIMICS OF HOST GLYCANS

Although hosts recognize pathogen glycans as
being foreign (using specific innate immune
receptors and/or antibodies), some pathogens
can evade this outcome, by either terminating
their glycans with a host-like structure, or going
even further, to generate complete molecular
mimics of the glycan structures generated by
the host Golgi apparatus (Harvey et al. 2001;
Tsai 2001; Coyne et al. 2005; Lewis et al.
2009). It is truly remarkable how precise such
molecular mimicry can be, such as the almost
perfect mimicking of complex vertebrate gan-
glioside glycans by Campylobacter jejuni (Yuki
et al. 2004), or of sialylated N-glycan antennae
by Group B Streptococcus (Wessels et al. 1989).
The initial assumption was that this mimicry
was accomplished by bacterial “stealing” of the
relevant host genes that would normally en-
code Golgi enzymes. Remarkably, in every case
elucidated to date this mimicry turns out to
have actually occurred by convergent evolution,
involving evolutionary reinventions of almost
all the necessary components. To my knowledge
to date no claim of vertebrate-to-bacterial trans-
fer of genetic material has held up to rigorous
scrutiny. Overall, this suggests that pathogens
are under very strong selection pressure to inde-
pendently evolve these molecular mimics of the
host Golgi glycan products.

HOSTS CAN USE GLYCANS AS MOLECULAR
DECOYS TO EVADE PATHOGENS

Pathogens that bind host glycans must recognize
them at the correct cell surface, to initiate inva-
sion. Hosts can protect themselves by presenting
molecular glycan decoys such as soluble mucins,
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circulating plasma proteins or nonnucleated red
blood cells, providing alternate binding sites for
the pathogens, and diverting them away from
their true cellular targets (Gagneux and Varki
1999). Again, it is the Golgi of the relevant cells
that must generate the decoys. As one might
imagine, such decoys are also undergoing rapid
evolution, to adjust to the suite of pathogens
that a given species is exposed to. This may
explain the extreme variations in types of outer
sequences of Golgi-derived glycans seen on po-
tential decoys such as mucins, plasma proteins,
and red blood cells. The Golgi can also assist in
a host response by rapidly changing the glycan
structures on such decoys, such as the “acute
phase response” discussed above, (Baumann
and Gauldie 1994), or in the mucosal secretory
response to infections (Voynow et al. 2006).

ROLE OF THE GOLGI IN MEDIATING RED
QUEEN EFFECTS IN HOST GLYCAN
EVOLUTION

Although most prokaryotic glycans tend to be
relatively simple in their structure (often with
repeating units), eukaryotic glycans tend to
have vast degrees of complexity and hetero-
geneity. Aside from genome size, the prime
reason for this difference is the existence of
the Golgi in eukaryotes. This perhaps also ex-
plains why the Golgi glycosylation machinery
has evolved and diverged so much over time.
Indeed, this machinery provides a mechanism
by which glycan changes can occur rapidly,
without changing the genome of the host. Given
the nontemplate driven mechanisms of Golgi
glycosylation in which multiple enzymes com-
pete for multiple substrates over short period
of time, marked glycan changes can be gener-
ated on the cell surface simply by changing the
presence or localization of one or two glyco-
syltransferases or nucleotide sugar donors
(Nilsson et al. 2009; Varki et al. 2009a; Tu and
Banfield 2010). Indeed, those who work in bio-
technology and biopharma know that even
slight changes in the medium of their high pro-
duction fermenter facilities can result in marked
changes in glycosylation of their products
(Hooker et al. 1995; Rivinoja et al. 2009).
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PRINCIPLES UNDERLYING GOLGI-DERIVED
GLYCAN VARIATION IN NATURE

Having provided an overview of the evolution-
ary backdrop against which the Golgi evolved,
we can now briefly consider the major classes
of glycans that are generated or modified in
the animal Golgi apparatus, and examples of
variations that have occurred. The fact that
evolution is characterized by increasing glycan
complexity over time is not surprising, because
life could only begin in simple forms, and com-
plexity is thus the inevitable outcome of many
evolutionary processes. However, the concept
of “higher” and “lower forms” is no longer a
valid way of thinking about evolution. This
actually harks back to the old concept of a “scala
naturae” or “Great Chain of Being” leading up-
ward to humans. Rather, we should consider
evolution as simply having occurred via descent
by various selection mechanisms in the back-
ground of neutral drift. In this regard, a general
rule is that the core structures of most glycan
types tend to be conserved amongst various
taxa (Fig. 3). Thereafter, within each glycan
class one sees varying degrees of modifications.
It appears that this diversification is particularly
marked in the Deuterostome lineage of ani-
mals (so-called “higher” invertebrates and ver-
tebrates) (Freeze et al. 2009). Some classes of
glycans such as sialic acids and hyaluronan are
even restricted to this clade. On the other
hand, other complex multicellular organisms
such as flowering plants have also evolved com-
plex Golgi glycan modification machineries
(Etzler and Mohnen 2009; Gomord et al.
2010). Considered below are some examples of
evolutionary variations in specific classes of gly-
cans generated by the Golgi apparatus.

N- and O-linked Glycans

The core pathways of initial N-linked glycosyla-
tion (Fig. 4, left lower) are well conserved in all
eukaryotes (Stanley et al. 2009). These steps
mostly take place in the endoplasmic reticulum.
Thereafter, processing and rebuilding of the
N-glycans in sequential Golgi cisternae gener-
ates a diversity of possible structural outcomes,
which can vary widely between different species
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Hyaluronan

Chondroitin sulfate

PO, N-Glycan Glycoproteins

O
N-Glycan
O-Glycan
O-Glycan
BRBI
44999}
O-GlcNAc
Glycoproteins

Figure 4. Common classes of animal glycans. The major classes of animal glycans are shown, with an emphasis
on typical vertebrate sugar chains. The shaded blue boxes indicate the core glycan sequences that are conserved
in most or all taxa that express such glycan classes. The monosaccharide abbreviations are GalNAc,
N-acetylgalactosamine; GIcNAc, N-acetylglucosamine; Gal, Galactose; Glc, Glucose; Man, Mannose; Fuc,
Fucose; Xyl, Xylose; GlcA, Glucuronic acid; and, IdoA, Iduronic acid. (Reproduced with permission from Varki

and Sharon [2009].)

(Fig. 4) and to a lesser extent between cell types
within a given species (Dennis et al. 2009;
Varki et al. 2009b). With the common kinds
of O-glycans, the core glycosylation event is
initiated mainly within the Golgi, and then
undergoes various extension and branching
reactions to yield final products. However,
even the core monosaccharides involved in
the initial O-linkage to polypeptides can vary
amongst taxa (Brockhausen et al. 2009).

Glycosphingolipids

These complex glycolipids share a common
core ceramide sphingolipid component, which
can vary in terms of the N-acyl chain structure.
The commonest type of glycosphingolipid core
structure in vertebrates is glucosylceramide,

which is generated on the cytosolic leaflet of ER
and Golgi membranes and then flipped over
into the lumen of these organelles to be further
extended in a variety of ways. The second most
common variation in vertebrates is galactosylcer-
amide. Although there is conservation of such
classes of core glycosphingolipid glycans within
related species, variations are seen in divergent
clades, and there can be much complexity in
the outer sequences (Schnaar et al. 2009).

Outer Extensions of Glycoprotein and
Glycolipid Glycans

Once N-glycans have been trimmed in the
ER and early Golgi, and O-glycan and glyco-
sphingolipids core structures have been gener-
ated within the Golgi apparatus, each can be
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modified with outer extensions, which can be
highly similar among these three classes of gly-
cans (Stanley and Cummings 2009). In several
instances, the same glycosyltransferases can
actually be competing for extending the termini
of these three types of glycan chains. One can
imagine that the extent of this competition is
affected by many factors, including the rate of
transport of the molecules through the Golgi,
their relationship to the each other and to the
glycosyltransferases, and the availability of nu-
cleotide sugar donors (Caffaro and Hirschberg
2006; Varki et al. 2009a). This is a remarkable
example of the functions of the Golgi in gener-
ating glycan diversity. Very recently, it has been
shown that altering glycosylation in the ter-
minal part of the Golgi can affect earlier steps,
and even induce an ER Stress response (Xu
et al. 2010).

Glycosaminoglycans

This class of typically linear acidic sugar chains
are initiated within the Golgi apparatus by a
sequence of highly conserved monosaccharides,
followed by divergence in the types of outer
chains, which can then be extensively modified
(Esko et al. 2009). In contrast to the glycan
classes mentioned above, glycosaminoglycan
core sequences tend to be relatively conserved,
with variations primarily seen in the nature of
the modifications on the glycans, such as sulfate
esters. However, further studies may well show
some relatively species-specific modifications.
A major exception is hyaluronan, an unmodi-
fied linear acidic glycan chain that is only found
in the Deuterostome lineages of animals, and in
some bacteria that apparently make the struc-
ture via convergent evolution. Hyaluronan is
not synthesized in the Golgi apparatus, but is
rather extruded directly into the extracellular
space from plasma membrane hyaluronan syn-
thases (Hascall and Esko 2009).

Glycophospholipid Anchors

These phosphatidylinositol-based glycolipid
anchors for a subset of cell surface proteins
have been highly conserved in their core regions
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for along time in evolution, although they show
some variations in different taxa (Ferguson et al.
2009). Even the phosphatidylinositol compo-
nent is not invariant, as yeast can build such
an anchor on a ceramide lipid tail. Other major
variations are in the glycan side chains that
extend from the common core structure. It is
unclear what exactly are the functions of these
side chain modifications, which are generated
in the Golgi apparatus. The fact that some
pathogens do bind to the GPI anchors suggests
that this may be a mechanism of evasion.

Sialic Acids

Sialic acids are the outermost monosaccharides
on most N-linked, O-linked and glycosphin-
golipid glycan chains on the cell surface and
secreted glycoconjugates of animals of the Deu-
terostome lineage (Varki and Schauer 2009).
From the evolutionary perspective, it appears
that following the emergence of these core gly-
can structures, various other monosaccharides
are then added sequentially in different taxa,
finally terminating in the most complex mono-
saccharide, sialic acid. It is rare to find other
monosaccharides extending beyond sialic acids
(other than additional sialic acids, as in poly-
sialic acids). Instead of being capped by other
sugars, sialic acids instead become highly modi-
fied with more than 50 variants, which can be
presented in many different kinds of linkages
(Fig. 5) (Harduin-Lepers et al. 2005; Varki and
Schauer 2009; Cohen and Varki 2010). Given
their location and their frequent contact with
pathogens and symbionts as well as their
many intrinsic functions, it is not surprising
that there are also substantial sialic acids varia-
tions within and between species. Again, it is
the Golgi that is responsible for generating
this remarkable diversity in the sialome, utiliz-
ing more than 20 known sialyltransferases,
and a variety of sialic acid modifying enzymes
which mostly remain to be identified.

CONCLUDING REMARKS

Much of the glycan density, complexity, and
diversity found on eukaryotic cell surface, ex-
tracellular matrix and secreted molecules is
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Figure 5. Dominant pathways of N-glycan processing in various taxa. See text for further discussion. Monosac-
charide abbreviations are as in Figure 4. (Reproduced with permission from Varki et al. [2009b].)

generated by the glycosylation functions of the
Golgi. This evolutionarily conserved feature of
eukaryotic cells is able to generate a wide diver-
sity of glycans, ranging from rapid dynamic
changes in the Golgi of individual cells, all the
way to genetic changes in the glycosylation
machinery of the Golgi, generating intraspecies
polymorphisms or interspecies differences. In
addition, the Golgi is ideally suited to handle
such tasks, because of its nontemplate-driven,
assembly line-like mechanisms for generating
glycan diversity. The likely evolutionary forces
behind these phenomena include pathogen
exploitation of glycans, as well as intrinsic func-
tions of glycans, both of which can be critical for
survival. Much more work needs to be per-
formed, to fully understand the structural and
functional evolution of the Golgi, under such
evolutionary selection pressures. Other aspects
deserving intensive study are the molecular
mechanisms by which dynamic changes in the

Golgi structure and function occur, when a
cell is faced with environmental changes such
as injury, pH variation, inflammation, infec-
tious agents, and so on.

In the future, Golgi-derived cell surface gly-
cans also need to be studied at different hier-
archical levels of complexity. In a recent review
(Cohen and Varki 2010), we defined five such
levels of complexity for just one subclass of
the glycome, (i.e., the sialome) (See Fig. 6). In
analogy to the canopy of a forest, the sialome
covers the cell with diverse array of sialylated
structures (Fig. 5). This complexity includes
modifications of sialic acid core structures (the
leaves and flowers), the possible linkages to
the underlying monosaccharide (the stems),
the identity and precise arrangement of the
underlying glycans (the branches), the detailed
structural attributes of underlying glycans
(the trees), and last but not least, the spatial
organization of the sialoglycans in relation to
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Core Modifications
Neu N-acetyl O-lactyl ~ O-methyl
Kdn  N-glycolyl O-sulfate Lactones

A Sialic acid structure (leaves and flowers) i O-acetyl O-phosphate Lactams
Q O

QQZ-SO ¢ 02:6 ‘ocZ-S’ 02‘;—:30

O Gal @ Glc @ Man A Fuc
[ GalNAc [l GIcNAc 4 Sia

B Sialic acid linkage (stems)

C Underlying sugars (branches)

N-linked

O-linked
Ser/Thr

Glycosphingolipid

D Glycan class (trees)

E Spatial organization (forest)

Sialylated microdomains

B

“Saccharide patch”

Figure 6. Diversity in the sialic acids. All known sialic acids have a common nine-carbon backbone attached in
the a configuration to the underlying sugar chain (Varki and Schauer 2009). The sialome can be analyzed at the
following complexity levels: (A) Sia core and core modifications: esterification (with various groups),
o-methylation, lactonization or lactamization yielding >50 different structures, (B) Linkage to the underlying
sugar (three major and many minor linkages), (C) Identity and arrangement of the underlying sugars that can
also be further modified by fucosylation or sulfation, (D) Glycan class (N-linked, O-linked or glycosphingo-
lipids), (E) Spatial organization of the Sia in sialylated microdomains (including glycosynapses and clustered
saccharide patches), and higher levels of the cellular and organismal milieu. Sia, Sialic acid; other monosacchar-
ide abbreviations are as in Figure 4. (Reproduced with permission from Cohen and Varki [2010].)
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components of the intact cell surface (the for-
est). As shown in an initial study of red cell sur-
face sialoglycan display (Cohen et al. 2009),
understanding the full complexity of the Golgi
glycosylation requires combined analyses at all
these levels—in other words, the glycome is
far more than the sum of its parts.
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