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The development and maintenance of a complex organism composed of trillions of cells
is an extremely complex task. At the molecular level every process requires a specific
molecular structures to perform it, thus it is difficult to imagine how less than tenfold
increase in the number of genes between simple bacteria and higher eukaryotes enabled
this quantum leap in complexity. In this perspective article we present the hypothesis that
the invention of glycans was the third revolution in evolution (the appearance of nucleic acids
and proteins being the first two), which enabled the creation of novel molecular entities that
do not require a direct genetic template. Contrary to proteins and nucleic acids, which are
made from a direct DNA template, glycans are product of a complex biosynthetic pathway
affected by hundreds of genetic and environmental factors. Therefore glycans enable
adaptive response to environmental changes and, unlike other epiproteomic modifications,
which act as off/on switches, glycosylation significantly contributes to protein structure
and enables novel functions. The importance of glycosylation is evident from the fact that
nearly all proteins invented after the appearance of multicellular life are composed of both
polypeptide and glycan parts.
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GLYCANS ARE ONE OF FOUR MAJOR GROUPS OF
MACROMOLECULES

Carbohydrates are one of four major groups of biologically impor-
tant macromolecules that can be found in all forms of life. They
have many biochemical, structural, and functional features that
could provide a number of evolutionary benefits or even stimulate
or enhance some evolutionary events. During evolution, carbohy-
drates served as a source of food and energy, provided protection
against UV radiation and oxygen free radicals and participated
in molecular structure of complex organisms. With time, sim-
ple carbohydrates became more complex through the process of
polymerization and evolved novel functions. According to the one
origin of life theory, called glyco-world, carbohydrates are thought
to be the original molecules of life, which provided molecular
basis for the evolution of all living things (Stern and Jedrzejas,
2008). Ribose and deoxyribose are integral parts of RNA and
DNA molecules and cellulose (glucose polymer) is the most abun-
dant molecule on the planet. There is also evidence for catalytic
properties of some carbohydrates (Del Valle, 2004) which further
support theory about the capacity of glycans to enable evolution
of life.

Carbohydrates are essential for all forms of life, but the largest
variety of their functions is now found in higher eukaryotes. The
majority of eukaryotic proteins are modified by cotranslational
and posttranslational attachment of complex oligosaccharides
(glycans) to generate the most complex epiproteomic modifica-
tion — protein glycosylation. Very large number of different glycans
can be made by varying number, order and type of monosac-
charide units. The most abundant monosaccharides that can be
found in animal glycan are: fucose (Fuc), galactose (Gal), glucose

(Glu), mannose (Man), N-acetylgalactosamine (GalNAc), N-
acetylglucosamine (GIcNAc), sialic acid (Sia) and xylose (Xyl).
There are two main ways for protein modification with glycans:
O-glycosylation and N-glycosylation. In O-glycosylation, the gly-
can is bound to the oxygen (O) atom of serine or threonine amino
acid in the protein. Another type of protein glycosylation is N-
glycosylation, where glycan is bound to the nitrogen (N) atom of
asparagine amino acid in the protein.

Surfaces of all eukaryotic cells are covered with a thick layer
of complex glycans attached to proteins or lipids. Many cells in
our organism can function without the nuclei, but there is no
known living cell that can function without glycans on their sur-
face. Anything approaching the cell, being it a protein, another cell,
or a microorganism, has to interact with the cellular glycan coat
(Gagneux and Varki, 1999; Varki and Lowe, 2009; Varki, 2011).
This appears to be a universal rule since even in sponges, which
are the simplest multicellular organisms formed by more or less
independent cells, the recognition between cells is based on gly-
cans (Misevic and Burger, 1993). One of the critical steps in the
evolution of multicellularity was formation of extracellular matrix
(ECM; Sachs, 2008; Hynes, 2012). Multicellular life evolved inde-
pendently multiple times during evolution and there are two main
theories how the initial multicellular group of cells was made.
The first theory says that individual cell came together to create
symbiotic colonies, and another theory is that cells stayed together
after cell division (Sachs, 2008). Appearance of extracellular matrix
enabled this initial group of cells to start function as a coordinated
unit. Extracellular matrix has huge importance for multicellular
organisms (Hynes, 2009). It has role in cell signaling, commu-
nication between cells, cell adhesion and in transmitting signal
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from the environment, and also provides structural support for
cells, tissues and organs. Extracellular matrix plays essential role
in numerous fundamental processes such as differentiation, prolif-
eration, survival and migration of cells. The main components of
ECM are glycoproteins and proteoglycans and the same molecules
are responsible for functional properties of ECM (Hynes and Naba,
2012). Extracellular matrix evolved in parallel with first multicel-
lular organisms (Hynes, 2012), therefore, glycans of the early ECM
probably participated in evolution of multicellular organisms by
enabling communication between cells and thus provided signals
for cooperation and differentiation.

In addition to ECM, glycans also provide other proper-
ties and functions important for development of multicellular
organisms. For example, in some fungal species the sugar
N-acetylglucosamine (GIcNAc) acts as a signal that stimulates
unicellular fungi to start to grow in a multicellular filamentous
form (Simonetti etal., 1974; Naseem et al., 2012). The same sugar
modifies proteins in multicellular organisms and some of these
modifications represent an important mechanism for the regu-
lation of signaling, for example signaling through Notch protein
(Rana and Haltiwanger, 2011).

GLYCANS PERFORM NUMEROUS FUNCTIONS IN COMPLEX
ORGANISMS
In complex organisms like humans, glycans play an important
role in virtually all processes that involve more than one cell (Walt
etal.,2012). Nearly all membrane and secreted proteins are modi-
fied by covalent addition of glycans with very high site occupancy
(Zielinska etal., 2010). Absence of glycosylation is embryonically
lethal (Marek etal., 1999) and mutations which obstruct proper
glycosylation cause debilitating diseases (Freeze, 2006). This is not
surprising since glycan parts of (glyco) proteins are integral ele-
ments of the final molecular structure and together with amino
acids in the polypeptide backbone they form a single molecu-
lar entity that performs biological functions. Contrary to other
posttranslational modifications that generally function as on/off
switches, glycosylation generates large complex structures with
more profound functions. The role of glycans in biological pro-
cess should not be ignored since large part of the picture is missing
when proteins are being studied without its glycans, or with wrong
glycans attached during production of recombinant proteins in
non-native organisms, cell types or cellular environment. Unfor-
tunately this is often being done and consequently we are missing
essential biological information for many physiological processes.
Two large obstacles in the study of glycans are their non-linear
complex chemical structure and the absence of a direct genetic
template. Contrary to polypeptides, which are a direct transla-
tion of the corresponding gene, glycans are encoded in a complex
dynamic network comprising hundreds of genes (Nairn etal.,
2008; Lauc etal., 2010). In addition to variation in nucleotide
sequence of all genes in this complex biosynthetic pathway, numer-
ous past and present environmental factors also affect the final
outcome (Knezevic et al., 2010; Lauc and Zoldos, 2010). However,
despite the absence of a direct genetic template, heritability of gly-
come composition was reported to be high (Knezevic etal., 2009;
Pucic etal., 2011), even over 80% for some of the glycans in the
IgG glycome (Menni etal., 2013).

Recent population studies of the human plasma glycome
revealed very large inter-individual differences in glycome com-
position (Knezevi¢ etal., 2009). Interestingly, the variability in
composition of the glycome attached to immunoglobulin G (IgG;
Figure 1) was nearly three times larger than the variability of the
total plasma glycome (Pucic etal., 2011), indicating that the vari-
ation in concentration of different plasma proteins is blurring
the intricate regulation of glycosylation of an individual pro-
tein. Genome wide association studies (GWAS) performed in the
same populations revealed the similar situation. GWAS of the
plasma glycome in 2705 individuals identified three genetic loci
that associate with variation in glycosylation (Lauc etal., 2010),
while GWAS of the IgG glycome in 2247 individuals identified 16
genetic loci that associate with variations in the composition of
the IgG glycome (Lauc et al., 2013; Figure 2). This indicates that at
least three to four times more than currently estimated 750 genes
(Nairn etal., 2008), or at least 10% of the genome participates in
glycosylation.

GLYCANS PROVIDE HIGHER EUKARYOTES WITH UNIQUE
ADVANTAGES

Glycosylation, as the most complex epiproteomic modification,
gives higher organisms some unique advantages. For example,
IgG is one of the most important weapons in our “arsenal,” which
enables us to successfully fight with microorganisms, despite their
high mutation and reproduction rates. Evolution has invented
elaborate genetic mechanisms to create variability in the Fab
regions of immunoglobulins, but even more elaborate physiolog-
ical mechanism of the immune system are activated downstream
from the antigen-antibody recognition event (Marchalonis et al.,
2002). Since genes for the variable regions of immunoglobulins
are by large defined before the first encounter with their target,
polypeptide part of the antibody cannot be tuned to the type
of antigen it will recognize. However, different invaders (toxins,
viruses, bacteria, fungi, parasites) require activation of differ-
ent effector mechanisms, and this is where protein glycosylation
seems to be essential (Nimmerjahn and Ravetch, 2008; Mihai and
Nimmerjahn, 2012).

Each heavy chain of IgG carries a single covalently attached
bi-antennary N-glycan at the highly conserved asparagine 297
residue. The attached glycans are essential structural components
of the Fc region and minute changes in glycan composition can
significantly change the conformation of the Fc region with dra-
matic consequences for IgG effector functions. For example, the
addition of a fucose residue to the first N-acetylglucosamine in
the core of the glycan (core-fucose) modifies the conformation
of the Fc region in a way to dramatically reduce its ability to
bind to FcyRlIlIa (lida et al., 2006; Masuda et al., 2007). FcyRIIla
(CD16) is an activating Fc receptor expressed primarily on nat-
ural killer (NK) cells. Through binding to FcyRIIIa IgG initiates
antibody-dependent cellular cytotoxicity (ADCC) resulting in the
destruction of target cells. On average over 95% of circulating
IgGs are core-fucosylated (Pucic etal., 2011) and therefore contain
a “safety switch” which prevents them from eliciting potentially
destructive ADCC (Scanlan etal., 2008). The small fraction of
IgG molecules which lack core-fucose are over 100 times more
effective in initiating ADCC through FcyRIIla binding and this
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FIGURE 1 | Inter-individual difference in composition of the glycome attached to immunoglobulin G (IgG) between six individuals. The term glycome
refers to the sum of all glycans that are attached to IgG molecules within an individual. The different (arbitrary) colors represent different N-glycan structures
that can be attached to IgG molecules within an individual.
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FIGURE 2 | Genes that associate with variations in the composition of the IgG glycome. Arrows indicate the part of glycan structure with which particular
gene associates (Lauc etal., 2013). Blue square — N-Acetylglucosamine; green circle — mannose; yellow circle — galactose; red triangle — fucose; purple
diamond - sialic acid.

www.frontiersin.org May 2014 | Volume 5 | Article 145 | 3


http://www.frontiersin.org/
http://www.frontiersin.org/Evolutionary_and_Population_Genetics/archive

Lauc etal.

Glycans - the third revolution in evolution

also seems to be the primary mode of function of therapeutic
anti-cancer monoclonal antibodies (Shinkawa et al., 2003; Preith-
ner etal., 2006). Improper regulation of this process could lead
to either autoimmunity (too much ADCC) or cancer (inefficient
ADCC).

Another structural alteration of the IgG glycan, the addi-
tion of sialic acid to the ends of glycans changes the function
of IgG and converts it from being pro-inflammatory into an
anti-inflammatory agent (Kaneko etal.,, 2006). Sialylation of
IgG was found to be essential for the function of intravenous
immunoglobulin (IVIG): its anti-inflammatory activity is con-
tained within the effector Fc portion, as Fc fragments alone
were found to be sufficient to suppress inflammation (Debre
etal,, 1993). It appears that Fc with sialylated glycans suppresses
inflammation through a novel Ty2 pathway, which provides
an intrinsic mechanism for maintaining immune homeostasis
(Anthony etal., 2011). In addition to sialic acids, galactosyla-
tion was also shown to be important for the anti-inflammatory
activity of IgG (Karsten etal., 2012). Recently reported study by
Ackerman etal. (2013) represents just one of the examples how
variations in IgG glycosylation can provide new adaptive mech-
anism that allows fight against pathogens and assure survival.
In this study it was shown that people called elite controllers,
who are able to control HIV infection and therefore do not get
sick, have glycosylation of HIV-specific antibody that promotes
strong pro-inflammatory response against the virus (Ackerman
etal.,, 2013). By delegating these tasks to glycans, evolution has
created a novel mechanism that enables creation of new struc-
tures (which determine antibody function) without the need to
alter genetic information. Other glycoproteins were not studied
in so much detail as IgG has been, but numerous other exam-
ples confirm essential roles of alternative protein glycosylation in
many biological processes (Gornik etal., 2012). Among others,
binding of glycosylated ligands to selectins is the basis of lym-
phocyte homing (Walcheck etal., 1996; Sperandio etal., 2009)
and alternative glycosylation of Notch is essential for embry-
onic and adult development (Stanley, 2007). Notch protein is the
main actor in Notch signaling pathway that play role in proper
development of multicellular organisms. Notch is a transmem-
brane receptor composed of extracellular, transmembrane and
intracellular domains. Upon ligand binding intracellular domain
is cleaved and recruited into the nucleus to regulate expression
of target genes (Artavanis-Tsakonas etal., 1999). The glycosy-
lation of extracellular domain of Notch protein has impact on
ligand recognition and activation of Notch signaling. Four dif-
ferent types of glycans have been reported to be present on
Notch: N-glycans, O-fucose glycans, O-glucose glycans, and
O-GlIcNAc glycans, but just two of them are known to sig-
nificantly affect and modulate Notch activity: O-fucose glycans
and O-glucose glycans. The O-fucosylation of Notch extracellu-
lar domain is found to be important in ligand recognition and
binding (Stanley, 2007; Rana and Haltiwanger, 2011). Further
extension of O-fucose by the addition of N-acetylglucosamine,
in a reaction catalyzed by glycosyltransferase called Fringe, also
modulates Notch activity. Through the action of Fringe, Notch
signaling pathway can be induced or inhibited depending on the
type of ligand that interacts with Notch receptor (Hicks etal.,

2000). With respect to the role of Notch signaling in differenti-
ation of wide range of cell types it is evident that alterations in
pattern of glycosylation could provide mechanism by which dif-
ferent signals could be received through the same or homologous
signaling proteins. We can expect new insights into the impor-
tance of glycosylation on Notch signaling, starting with recently
reported study which has pointed out that Notch protein can
also carry O-linked GalNAc glycans with the role in formation
of body laterality (Boskovski etal., 2013). Another example of
role of glycosylationin signaling during development of multi-
cellular organisms is O-fucosylation of Crypto protein. Crypto
protein is one of the proteins involved in Nodal signaling path-
way and proper glycosylation of this protein is important for its
activity and binding properties (Schier and Shen, 2000; Yan etal.,
2002).

GLYCANS ENABLE DYNAMIC EPIGENETIC ADAPTATION

It is generally assumed that the appearance of self-replicating
nucleic acids (the first revolution in evolution) provided the basis
for the development of early life. Nucleic acids then recruited
amino acids to create proteins, which are still the main effectors
of life at the cellular level (the second revolution). However, the
integration of different cells into a complex multicellular organ-
ism required an additional layer of complexity. Here we propose
that the invention of protein glycosylation (the third revolution)
through its inherent ability to create novel structures without the
need to alter genetic information enabled the development of
multicellular life in its present complexity.

The biggest evolutionary advantage that glycans confer to
higher eukaryotes is the ability to create new structures with-
out introducing changes into the precious genetic heritage (Lauc
and Zoldos, 20105 Lauc etal., 2013). In principle all posttransla-
tional modifications enable this to some extent, but most of them
function as simple on/off molecular switches, while glycans rep-
resent significant structural components contributing with up to
50% in mass (Pierce and Parsons, 1981) and even much more
to the molecular volume of many proteins (Bush etal., 1999).
The fact that so large parts of the molecule are not hardwired in
the genome provides a rapid and extensive epiproteomic adap-
tation mechanism. One example of role of glycosylation in the
process of adaptation is found to be important for function of
mammalian sperm cell and for the reproduction process itself.
Mammalian sperm cells are masked with sialylated sugars in order
to prevent recognition as foreign cells in the female reproductive
system. After successful adaptation of sperm cell to the new envi-
ronment, the removal of sialic acid residues from sperm surface
glycans is the necessary step in the process of sperm cell matura-
tion and the establishment of interaction between sperm and egg
cells (Ma etal.,, 2012). Another interesting example how glycosy-
lation of proteins can ensure adaptation and survival comes from
the kingdom of archaebacteria (Guan etal., 2012).

Epigenetic regulation of gene expression has been reported
to be important for protein glycosylation (Saldova etal., 2011;
Horvat etal., 2012,2013; Zoldo$ etal.,, 2012) and this could
explain the observed temporal stability of the glycome (Gornik
etal., 2009). Comparative studies of the glycome in different
organisms are rare, but they indicate higher rates of divergence in
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glycans than in proteins or DNA (Royle et al., 2008; Zielinska et al.,
2012; Adamczyk etal., 2014). Interactions established through
glycans are not restricted just to cell- cell interactions and com-
munication that could have played significant role in the evolution
of multicellular life forms. Glycans also play significant role in the
interaction between different organisms, including host-pathogen
interactions or interactions between symbionts. Effect of glyco-
sylation on the composition of the human intestinal microbiota
has been well examined (Koropatkin etal., 2012). Intestinal sym-
biotic bacteria are very important to humans as they help in food
digestion, produce some vitamins and provide protection against
pathogenic bacteria. In return, symbiotic bacteria use host gly-
can molecules as receptors for colonization of intestine and, also,
both host and dietary glycans serve as energy source for symbiotic
bacteria. It is reported that individuals who don’t secrete blood
group glycans into the intestinal mucosa have reduced number
and diversity of probiotic bacteria in the intestine (Wacklin etal.,
2011). Except for food, symbiotic bacteria also use sugars that are
highly abundant in intestine for glycosylation of their surface in
order to escape the human immune system (Coyne etal., 2005).
Furthermore, digestion of sugars by symbiotic bacteria enables
activation of signaling system that control pathogenicity of some
non-symbiotic bacteria (Pacheco etal.,2012). Based on these facts,
it can be safely assumed that glycans play important role in evo-
lution of symbiotic relationship between humans and intestinal
bacteria.

In some biological systems, like for example ABO blood groups,
glycans act as simple molecular switches that introduce inter-
individual variability of cellular surfaces. In other systems, like
immunoglobulin glycosylation, they enable new physiological
functions, which could not be performed without this complex
posttranslational tool. Glycosylation is particularly complex in
human brain, but currently available technologies do not allow
detailed study of this highly intricate system. Since all eukaryotic
cells are heavily glycosylated (at significant metabolic cost) and
elaborate mechanisms that regulate glycosylation are being discov-
ered, we propose that the invention of glycosylation was the third
large revolution in evolution, which enabled the development of
complex multicellular organisms.

ACKNOWLEDGMENTS

The work in authors’ laboratories is supported by the Euro-
pean Commission GlycoBioM (contract #259869), HighGlycan
(contract #278535), MIMOmics (contract #305280), IBD-BIOM
(contract #305479), HTP-Glycomet (contract #324400), and
Integra-Life (contract #315997) grants.

REFERENCES

Ackerman, M. E., Crispin, M., Yu, X., Baruah, K., Boesch, A. W,, Harvey, D. ], etal.
(2013). Natural variation in Fc glycosylation of HIV-specific antibodies impacts
antiviral activity. J. Clin. Invest. 123, 2183-2192. doi: 10.1172/JCI65708

Adamczyk, B., Tharmalingam-Jaikaran, T., Schomberg, M., Szekrényes, A., Kelly, R.
M., Karlsson, N. G,, etal. (2014). Comparison of separation techniques for the
elucidation (of) IgG N-glycans pooled from healthy mammalian species. Carb.
Res. 389, 174-185. doi: 10.1016/j.carres.2014.01.018

Anthony, R. M., Kobayashi, T., Wermeling, E,, and Ravetch, J. V. (2011). Intravenous
gammaglobulin suppresses inflammation through a novel T(H)2 pathway. Nature
475, 110-113. doi: 10.1038/nature10134

Artavanis-Tsakonas, S., Rand, M. D., and Lake, R. J. (1999). Notch signaling: cell
fate control and signal integration in development. Science 284, 770-776. doi:
10.1126/science.284.5415.770

Boskovski, M. T., Yuan, S., Pedersen, N. B., Goth, C. K., Makova, S., Clausen,
H., etal. (2013). The heterotaxy gene GALNT11 glycosylates Notch to orches-
trate cilia type and laterality. Nature 504, 456—459. doi: 10.1038/nature
12723

Bush, C. A., Martin-Pastor, M., and Imberty, A. (1999). Structure and con-
formation of complex carbohydrates of glycoproteins, glycolipids, and bacte-
rial polysaccharides. Annu. Rev. Biophys. Biomol. Struct. 28, 269-293. doi:
10.1146/annurev.biophys.28.1.269

Coyne, M. J., Reinap, B., Lee, M. M., and Comstock, L. E. (2005). Human symbionts
use a host-like pathway for surface fucosylation. Science 307, 1778-1781. doi:
10.1126/science.1106469

Debre, M., Bonnet, M. C., Fridman, W. H., Carosella, E., Philippe, N., Reinert, P.,
etal. (1993). Infusion of Fc gamma fragments for treatment of children with acute
immune thrombocytopenic purpura. Lancet 342, 945-949. doi: 10.1016/0140-
6736(93)92000-]

Del Valle, E. M. M. (2004). Cyclodextrins and their uses: a review. Process. Biochem.
39, 1033-1046. doi: 10.1016/S0032-9592(03)00258-9

Freeze, H. H. (2006). Genetic defects in the human glycome. Nat. Rev. Genet. 7,
537-551. doi: 10.1038/nrg1894

Gagneux, P, and Varki, A. (1999). Evolutionary considerations in relating
oligosaccharide diversity to biological function. Glycobiology 9, 747-755. doi:
10.1093/glycob/9.8.747

Gornik, O., Pavic, T., and Lauc, G. (2012). Alternative glycosylation mod-
ulates function of IgG and other proteins - implications on evolution and
disease. Biochim. Biophys. Acta 1820, 1318-1326. doi: 10.1016/j.bbagen.2011.
12.004

Gornik, O., Wagner, J., Puti¢, M., Knezevi¢, A., Redzi¢, I, and Lauc, G. (2009).
Stability of N-glycan profiles in human plasma. Glycobiology 19, 1547-1553. doi:
10.1093/glycob/cwp134

Guan, Z., Naparstek, S., Calo, D., and Eichler, J. (2012). Protein glycosylation as
an adaptive response in Archaea: growth at different salt concentrations leads to
alterations in Haloferax volcanii S-layer glycoprotein N-glycosylation. Environ.
Microbiol. 14, 743-753. doi: 10.1111/j.1462-2920.2011.02625.x

Hicks, C., Johnston, S. H., diSibio, G., Collazo, A., Vogt, T. F, and Weinmas-
ter, G. (2000). Fringe differentially modulates Jaggedl and Deltal signalling
through Notchl and Notch2. Nat. Cell Biol. 2, 515-520. doi: 10.1038/35
019553

Horvat, T., Dezeljin, M., Redzic, 1., Barisic, D., Herak Bosnar, M., Lauc, G., etal.
(2013). Reversibility of membrane, N-glycome of HeLa cells upon treatment
with epigenetic inhibitors. PLoS ONE 8:€54672. doi: 10.1371/journal.pone.00
54672

Horvat, T., MuZini¢, A., Barisi¢, D., Bosnar, M. H., and Zoldos, V. (2012). Epigenetic
modulation of the HeLa cell membrane N-glycome. Biochim. Biophys. Acta 1820,
1412-1419. doi: 10.1016/j.bbagen.2011.12.007

Hynes, R. O. (2009). The extracellular matrix: not just pretty fibrils. Science 326,
1216-1219. doi: 10.1126/science.1176009

Hynes, R. O. (2012). The evolution of metazoan extracellular matrix. JCB 196,
671-679. doi: 10.1083/jcb.201109041

Hynes, R. O., and Naba, A. (2012). Overview of the matrisome-an inventory of
extracellular matrix constituents and functions. Cold Spring Harb. Perspect. Biol.
4,2004903. doi: 10.1101/cshperspect.a004903

Iida, S., Misaka, H., Inoue, M., Shibata, M., Nakano, R., Yamane-Ohnuki, N.,
etal. (2006). Nonfucosylated therapeutic IgG1 antibody can evade the inhibitory
effect of serum immunoglobulin G on antibody-dependent cellular cytotoxicity
through its high binding to FcgammaRIIIa. Clin. Cancer Res. 12, 2879-2887. doi:
10.1158/1078-0432.CCR-05-2619

Kaneko, Y., Nimmerjahn, E, and Ravetch, J. V. (2006). Anti-inflammatory activity
of immunoglobulin G resulting from Fc sialylation. Science 313, 670-673. doi:
10.1126/science.1129594

Karsten, C. M., Pandey, M. K., Figge, J., Kilchenstein, R., Taylor, P. R., Rosas, M.,
etal. (2012). Anti-inflammatory activity of IgG1 mediated by Fc galactosylation
and association of FcgammaRIIB and dectin-1. Nat. Med. 18, 1401-1406. doi:
10.1038/nm.2862

Knezevi¢, A., Gornik, O., Polasek, O., Puti¢, M., Novokmet, M., Redzi¢, L., etal.
(2010). Effects of aging, body mass index, plasma lipid profiles, and smoking

www.frontiersin.org

May 2014 | Volume 5 | Article 145 | 5


http://www.frontiersin.org/
http://www.frontiersin.org/Evolutionary_and_Population_Genetics/archive

Lauc etal.

Glycans - the third revolution in evolution

on human plasma N-glycans. Glycobiology 20, 959-969. doi: 10.1093/glycob/
cwq051

KnezZevi¢, A., Polasek, O., Gornik, O., Rudan, I., Campbell, H., Hayward,
C., etal. (2009). Variability, heritability and environmental determinants of
human plasma N-glycome. J. Proteome Res. 8, 694-701. doi: 10.1021/pr
800737u

Koropatkin, N. M., Cameron, E. A., and Martens, E. C. (2012). How glycan
metabolism shapes the human gut microbiota. Nat. Rev. Microbiol. 10, 323-335.
doi: 10.1038/nrmicro2746

Lauc, G., Essafi, A, Huffman, J. E., Hayward, C., KneZevi¢, A., Kattla, J. J., etal.
(2010). Genomics meets glycomics - The first GWAS study of human N-glycome
identifies HNFlalpha as a master regulator of plasma protein fucosylation. PLoS
Genet. 6:¢1001256. doi: 10.1371/journal.pgen.1001256

Lauc, G., Huffman, J. E., Pucic, M., Zgaga, L., Adamczyk, B., Muzinic, A., etal.
(2013). Loci associated with N-glycosylation of human immunoglobulin G show
pleiotropy with autoimmune diseases and haematological cancers. PLoS Genet.
9:€1003225. doi: 10.1371/journal.pgen.1003225

Lauc, G., Rudan, I, Campbell, H., and Rudd, P. M. (2010). Complex genetic
regulation of protein glycosylation. Mol. Biosyst. 6, 329-335. doi: 10.1039/b9
10377e

Lauc, G., Vojta, A., and Zoldos, V. (2013). Epigenetic regulation of glycosylation
is the quantum mechanics of biology. Biochim. Biophys. Acta 1840, 65-70. doi:
10.1016/j.bbagen.2013.08.017

Lauc, G., and Zoldos, V. (2010). Protein glycosylation — an evolutionary cross-
road between genes and environment. Mol. Biosyst. 6, 2373-2379. doi:
10.1039/c0Omb00067a

Ma, E, Wu, D., Deng, L., Secrest, P., Zhao, J., Varki, N., etal. (2012). Sialidases
on mammalian sperm mediate deciduous sialylation during capacitation. J. Biol.
Chem. 287, 38073-38079. doi: 10.1074/jbc.M112.380584

Marchalonis, J. J., Jensen, L., and Schluter, S. F. (2002). Structural, antigenic and
evolutionary analyses of immunoglobulins and T cell receptors. J. Mol. Recogn.
15, 260-271. doi: 10.1002/jmr.586

Marek, K. W,, Vijay, I. K, and Marth, J. D. (1999). A recessive dele-
tion in the GIcNAc-1-phosphotransferase gene results in peri-implantation
embryonic lethality. Glycobiology 9, 1263-1271. doi: 10.1093/glycob/9.
11.1263

Masuda, K., Kubota, T., Kaneko, E., Iida, S., Wakitani, M., Kobayashi-Natsume,
Y., etal. (2007). Enhanced binding affinity for FcgammaRIIla of fucose-
negative antibody is sufficient to induce maximal antibody-dependent cellular
cytotoxicity. Mol. Immunol. 44, 3122-3131. doi: 10.1016/j.molimm.2007.
02.005

Menni, C., Keser, T., Mangino, M., Bell, J. T, Erte, ., Akmati¢, L., etal. (2013).
Glycosylation of immunoglobulin G: role of genetic and epigenetic influences.
PLoS ONE 8:¢82558. doi: 10.1371/journal.pone.0082558

Mihai, S., and Nimmerjahn, F. (2012). The role of Fc receptors and complement in
autoimmunity. Autoimmun. Rev. 12, 657—660. doi: 10.1016/j.autrev.2012.10.008

Misevic, G. N., and Burger, M. M. (1993). Carbohydrate-carbohydrate interactions
of a novel acidic glycan can mediate sponge cell adhesion. J. Biol. Chem. 268,
4922-4929.

Nairn, A. V., York, W. S., Harris, K., Hall, E. M., Pierce, J. M., Moremen, K. W.
(2008). Regulation of glycan structures in animal tissues: transcript profiling of
glycan-related genes. J. Biol. Chem. 283, 17298-17313. doi: 10.1074/jbc.M8019
64200

Naseem, S., Parrino, S. M., Buenten, D. M., and Konopka, J. B. (2012). Novel
roles for GIcNAc in cell signaling. Commun. Integr. Biol. 5, 156-159. doi:
10.4161/cib.19034

Nimmerjahn, E, and Ravetch, J. V. (2008). Fcgamma receptors as regula-
tors of immune responses. Nat. Rev. Immunol. 8, 34-47. doi: 10.1038/nri
2206

Pacheco, A. R., Curtis, M. M, Ritchie, J. M., Munera, D., Waldor, M. K., Moreira, C.
G., etal. (2012). Fucose sensing regulates bacterial intestinal colonization. Nature
492,113-117. doi: 10.1038/nature11623

Pierce, J. G., and Parsons, T. E
structure and function. Annu. Rev.
10.1146/annurev.bi.50.070181.002341

Preithner, S., Elm, S., Lippold, S., Locher, M., Wolf, A., da Silva, A. J,
etal. (2006). High concentrations of therapeutic IgG1 antibodies are needed
to compensate for inhibition of antibody-dependent cellular cytotoxicity by

(1981).
Biochem. 50,

Glycoprotein  hormones:
465-495.  doi:

excess endogenous immunoglobulin G. Mol. Immunol. 43, 1183-1193. doi:
10.1016/j.molimm.2005.07.010

Pucic, M., Knezevic, A., Vidic, J, Adamczyk, B. Novokmet, M.,
Polasek, O., etal. (2011). High throughput isolation and glycosyla-
tion analysis of IgG-variability and heritability of the IgG glycome in
three isolated human populations. Mol Cell. Proteomics 10, MI111 0
10090. doi: 10.1074/mcp.M111.010090

Rana, N. A, and Haltiwanger, R. S. (2011). Fringe benefits: functional and
structural impacts of O-glycosylation on the extracellular domain of Notch
receptors. Curr. Opin. Struct. Biol. 21, 583-589. doi: 10.1016/j.sbi.2011.
08.008

Royle, L., Matthews, E., Corfield, A., Berry, M., Rudd, P. M., Dwek, R. A,, etal.
(2008). Glycan structures of ocular surface mucins in man, rabbit and dog
display species differences. Glycoconj. J. 25, 763-773. doi: 10.1007/s10719-008-
9136-6

Sachs, J. L. (2008). Resolving the first steps to multicellularity. Trends Ecol. Evol. 23,
245-248. doi: 10.1016/j.tree.2008.02.003

Saldova, R., Dempsey, E., Perez-Garay, M., Marino, K., Watson, J. A., Blanco-
Fernandez, A., etal. (2011). 5-AZA-2-deoxycytidine induced demethylation
influences N-glycosylation of secreted glycoproteins in ovarian cancer. Epigenetics
6, 1362-1372. doi: 10.4161/epi.6.11.17977

Scanlan, C. N., Burton, D. R, and Dwek, R. A. (2008). Making autoantibod-
ies safe. Proc. Natl. Acad. Sci. U.S.A. 105, 4081-4082. doi: 10.1073/pnas.08011
92105

Schier, A. E, and Shen, M. M. (2000). Nodal signalling in vertebrate development.
Nature 403, 385-389. doi: 10.1038/35000126

Shinkawa, T., Nakamura, K., Yamane, N., Shoji-Hosaka, E., Kanda, Y., Sakurada, M.,
etal. (2003). The absence of fucose but not the presence of galactose or bisecting
N-acetylglucosamine of human IgG1 complex-type oligosaccharides shows the
critical role of enhancing antibody-dependent cellular cytotoxicity. J. Biol. Chem.
278, 3466—3473. doi: 10.1074/jbc.M210665200

Simonetti, N., Strippoli, V., and Cassone, A. (1974). Yeast-mycelial conversion
induced by N-acetyl-D-glucosamine in Candida albicans. Nature 250, 344-346.
doi: 10.1038/250344a0

Sperandio, M., Gleissner, C. A., and Ley, K. (2009). Glycosylation in immune
cell trafficking. Immunol. Rev. 230, 97-113. doi: 10.1111/j.1600-065X.2009.
00795.x

Stanley, P. (2007). Regulation of Notch signaling by glycosylation. Curr. Opin. Struct.
Biol. 17, 530-535. doi: 10.1016/j.sbi.2007.09.007

Stern, R., and Jedrzejas, M. J. (2008). Carbohydrate polymers at the center of life’s
origins: the importance of molecular processivity. Chem. Rev. 108, 5061-5085.
doi: 10.1021/cr0782401

Varki, A. (2011). Evolutionary forces shaping the Golgi glycosylation machinery:
why cell surface glycans are universal to living cells. Cold Spring Harb. Perspect.
Biol. 3, 005462. doi: 10.1101/cshperspect.a005462

Varki, A., and Lowe, J. B. (2009). “Biological roles of glycans,” in Essentials of
Glycobiology, 2nd Edn, Chap. 6, eds A. Varki, R. D. Cummings, J. D. Esko, H. H.
Freeze, P. Stanley, C. R. Bertozzi, etal. (Cold Spring Harbor, NY: Cold Spring
Harbor Laboratory Press).

Wacklin, P., Makivuokko, H., Alakulppi, N., Nikkila, J., Tenkanen, H., Rabina,
J., etal. (2011). Secretor genotype (FUT2 gene) is strongly associated with the
composition of Bifidobacteria in the human intestine. PLoS ONE 6:20113. doi:
10.1371/journal.pone.0020113

Walcheck, B., Kahn, J., Fisher, J. M., Wang, B. B,, Fisk, R. S., Payan, D. G., etal.
(1996). Neutrophil rolling altered by inhibition of L-selectin shedding in vitro.
Nature 380, 720-723. doi: 10.1038/380720a0

Walt, D., Aoki-Kinoshita, K. F,, Bendiak, B., Bertozzi, C. R., Boons, G. J., Darvill, A.,
etal. (2012). Transforming glycoscience: a roadmap for the future. Washington:
National Academies Press.

Yan, Y. T, Liu, J. J., Luo, Y. E. C., Haltiwanger, R. S., Abate-Shen, C., and Shen, M.
M. (2002). Dual roles of Cripto as a ligand and coreceptor in the nodal signal-
ing pathway. Mol. Cell. Biol. 22, 4439-4449. doi: 10.1128/MCB.22.13.4439-444
9.2002

Zielinska, D. E, Gnad, FE, Schropp, K. Wisniewski, J. R., and Mann,
M. (2012). Mapping, N.-glycosylation sites across seven evolutionarily
distant species reveals a divergent substrate proteome despite a com-
mon core machinery. Mol. Cell 46, 542-548. doi: 10.1016/j.molcel.2012.
04.031

Frontiers in Genetics | Evolutionary and Population Genetics

May 2014 | Volume 5 | Article 145 | 6


http://www.frontiersin.org/Evolutionary_and_Population_Genetics/
http://www.frontiersin.org/Evolutionary_and_Population_Genetics/archive

Lauc etal.

Glycans - the third revolution in evolution

Zielinska, D. ., Gnad, F., Wisniewski, J. R., and Mann, M. (2010). Precision mapping
of an in vivo N-glycoproteome reveals rigid topological and sequence constraints.
Cell 141, 897-907. doi: 10.1016/j.cell.2010.04.012

Zoldos, V., Horvat, T., Novokmet, M., Cuenin, C., Muzini¢, A., Puti¢, M.,
etal. (2012). Epigenetic silencing of HNF1A associates with changes in the
composition of the human plasma N-glycome. Epigenetics 7, 164-172. doi:
10.4161/epi.7.2.18918

Conflict of Interest Statement: The authors declare that the research was conducted
in the absence of any commercial or financial relationships that could be construed
as a potential conflict of interest.

Received: 06 March 2014; accepted: 04 May 2014; published online: 23 May 2014.
Citation: Lauc G, Kristi¢ ] and Zoldo$ V (2014) Glycans — the third revolution in
evolution. Front. Genet. 5:145. doi: 10.3389/fgene.2014.00145

This article was submitted to Evolutionary and Population Genetics, a section of the
journal Frontiers in Genetics.

Copyright © 2014 Lauc, Kristi¢ and Zoldos. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use, dis-
tribution or reproduction in other forums is permitted, provided the original author(s)
or licensor are credited and that the original publication in this journal is cited, in
accordance with accepted academic practice. No use, distribution or reproduction is
permitted which does not comply with these terms.

www.frontiersin.org

May 2014 | Volume 5 | Article 145 | 7


http://dx.doi.org/10.3389/fgene.2014.00145
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org/
http://www.frontiersin.org/Evolutionary_and_Population_Genetics/archive

	Glycans – the third revolution in evolution
	Glycans are one of four major groups of macromolecules
	Glycans perform numerous functions in complex organisms
	Glycans provide higher eukaryotes with unique advantages
	Glycans enable dynamic epigenetic adaptation
	Acknowledgments
	References


