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Abstract

Sugars have more reactive groups than either amino acids or nucleotides. This allows them to form branched oligo- and
polysaccharides. Therefore, the number of possible structures is far greater than comparably sized peptides or nucleic acids. The
result is that carbohydrates have far greater information-carrying potential than either proteins or nucleic acids. Carbohydrates
are present in, and essential for, all three of life’s kingdom’s; archaea, bacteria, and eukaryotes. This article illustrates the struc-
tural, functional, and evolutionary complexity of animal carbohydrates, i.e. glycans. These glycans include glycosaminoglycans,
glycolipids, and glycoproteins. Attachment of glycans to proteins increases their functional range and allows their functions to be
fine-tuned in response to the environment. Different copies of a single protein have different glycans attached. Each copy is a
glycoform and the combination of a protein’s glycoforms is called its glycotype. Protein glycotypes are cell-, tissue- and develop-
mentally-specific. The combination glycoproteins, glycosaminoglycans, and glycolipids form glycopatterns that are essential for
organization of cells into tissues during development. The synthesis of a single glycan structure requires numerous enzymes, and
the production of the necessary functional protein glycotypes and cellular glycopatterns requires integrated regulated expression
of these enzymes by (glyco)gene regulatory networks (gGRNs) and micro RNA (miRNA) regulatory networks. Explanations for
the origin of glycans must include mechanisms for the origin of glycosyl transferases, hydrolases, metabolic pathways for the
activated sugar precursors, and all the components and information necessary to form the aforementioned regulatory networks.
The challenges that this poses for a standard neo-Darwinian explanation are discussed.
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Introduction

Glycans (carbohydrates) are one of the four major classes of
molecules, together with nucleic acids, proteins, and lipids,
that are necessary for life. This article is not intended to
give a comprehensive review of carbohydrate chemistry or
glycobiology, but, instead, provide examples that illustrate
the complexity of their chemistry, function, and origins. For an
excellent comprehensive book on glycobiology, the readers
are referred to ‘Essentials in Glycobiology’ which is available
online (https://ncbi.nim.nih.gov/books/NBK579918/), as well
as an excellent description of glycan diversity by Richard
Cummings in this journal (1).

Glycans are comprised of oligomers and polymers of sugars
(monosaccharides). They are ubiquitous in nature and
necessary for life (2, 3). A living organism contains many
different types of glycans. For example, in animals they are
present as polysaccharides such as glycosaminoglycans
(GAGs; these include heparin and hyaluronic acid which are
not linked to proteins, and heparin sulfate, keratin sulfate and

dermatan sulfate which are linked to proteins and known as
proteoglycans) and oligosaccharides attached to lipids and
proteins, and they all have essential functions for the cell and
for development. Unlike a protein, a glycan does not have
a direct DNA template that determines its structure or from
which one can predict its structure. In fact, as we will see, the
synthesis of a single glycan structure requires many proteins,
and, therefore, many genes. Its final structure depends of the
expression of these genes (called glycogenes) as directed by
regulatory networks at both the transcriptional and translational
level, and can also be affected by epigenetic factors.

The importance of glycans for life has been described in
numerous publications (2, 4-6). It has been noted that
‘every cell [bacteria, archaea, and eukaryotes] on the planet
is covered with a dense and complex array of glycans’ [(2)
(p. 13)] and that most proteins in multicellular organisms are
glycosylated (7, 8). In fact, multicellular organisms would not
exist without glycans. The elimination of any class of glycans
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is lethal, and defects in glycosylation result in numerous and
serious diseases [(2, 8-10) (chapter 3 of Ref. (2))]. That
glycans are essential for life is reflected in this statement by
the Committee on Assessing the Importance and Impact of
Glycomics and Glycosciences: ‘ ... cell surface glycosylation
is as important to understanding life as is the genetic code,
yet our understanding of the information contained in
glycosylation is rudimentary at best’ [(2) (p. 15)].

It was not that long ago that the essential nature of glycans
for the functioning of a cell was unknown. In fact, as
pointed out by Arnold et al. (11), it was not until 1988 that
the term ‘glycobiology’ was first used in the Annual Review
of Biochemistry (12) and ‘glycobiology’ was not included
as word in the Oxford English Dictionary until 1992. Thus,
the discovery that glycans are essential for organismal
development and cellular function is, relative to proteins and
nucleic acids, rather recent.

The structural complexity of glycans is far greater

than that of nucleic acids or proteins

Why are carbohydrates structurally complex? The number
of possible oligosaccharide structures is far greater than
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the number of possible oligopeptide or oligonucleotide
structures. Another way of stating this is that the ‘diversity
[structural] space’ for oligosaccharides is much larger than
for oligopeptides or oligonucleotides (13). This is due to the
difference in chemistry between monosaccharides, amino
acids, and nucleotides. As shown in Figure 1, L-amino acids
form peptides via the formation of amide bonds between their
carboxyl and a-amino groups, while nucleotides form oligo-
or polynucleotides via phosphate diester bonds between their
5'- and 3'-hydroxyl groups. The result is that polypeptides
and nucleic acids are linear oligo- or polymers of L-amino
acids, or nucleotides and deoxynucleotides, respectively.
In comparison, the glycosidic hydroxyl group (i.e. the C1-
hydroxyl) of one sugar can react with one of several hydroxyls
of another sugar (e.g. the C2, C3, C4, or C6-hydroxyls for a
six-membered pyranose residue and C2, C3, C5 and C6 for
a five-membered furanose residue). Thus, sugars can form
numerous oligo- or polysaccharides that are not necessarily
linear. In fact, they have a wide array of branching possibilities.
The mathematically possible number of hexasaccharides that
can be formed from D-hexose residues is >10" (14), while
the number of possible hexanucleotides is 4096 (4%) and
the number of hexapeptides is 64,000,000 (209). It is for this
reason that carbohydrates have a ‘... potential information
content several orders of magnitude higher in a short

D-Glucopyranose
D-Glcp

H OH ¢

D-Glucofuranose
D-Glcf

Figure 1. A structural comparison of an amino acid (alanine), a nucleotide (adenosine), and a hexose (D-glucopyranose and b-glucofuranose).

The reactive functional groups are indicated in red.
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sentence than in any other biological oligomer’ (14), and that
this level of complexity represents an ‘Isomer Barrier’ to “...
the development of a single analytical method for the absolute
characterization of carbohydrates’ (14). It is this ‘barrier’ that
makes structural characterization of carbohydrates, as well
as their synthesis, much more complicated than proteins or
nucleic acids.

Ten common monosaccharides found in mammalian
cells (13) are shown in Figure 2 together with their
abbreviations and symbolic representations. These
monosaccharides are largely present as 6-membered
pyranose ring structures and, when restricted to
pyranose forms, the mathematical number of possible
hexasaccharides is around 193 billion (13), However,
most cellular oligosaccharides, whether linked to proteins
or lipids, are larger than hexasaccharides, e.g. they are
comprised of 9—-15 rather than 6 saccharides, and, therefore
the number of possible cellular oligosaccharides is orders
of magnitude >193 billion. Of course, living organisms do
not form all the mathematically possible number of any

/gﬁ/
D-Glucose, D- GIc

H OH

H o

H

D-N-Acetylglucosamine, . D-N-Acetylgalactosamine,
D-GalNAc

D-GIcNAc

H o
HO
HO OH
OH

H H
D-Xylose, D-Xyl ﬁ

Figure 2. The ten most common saccharides found in mammalian cells and their symbols. The *

D-Galactose, D-Gal O D-Mannose, D- Man

biological polymer or oligomer. In fact, the actual number of
oligosaccharide structures attached to proteins and lipids
in a mammalian cell is probably 3000—4000 (this does not
include the GAG structures). The cell accomplishes the
amazing task of synthesizing these specific structures, out
of the trillions of possibilities, at just the right time and just
the right place for the proper development and functioning
of an organism, even for the functioning of a single protein.

The attachment of glycans to proteins dramatically

increases protein complexity

Glycans increase the structural and functional complexity
of proteins. A very large portion of protein posttranslational
modification is due to the attachment of glycans. In the
‘~omics’ world, the proteome of an organism consists of all
the proteins produced by that organism, the glycome consists
of all the glycans produced, and the glycoproteome would be
all the glycoproteins produced (e.g. see the Human Glycome
Project at https://human-glycome.org). There are 3000 or so

%M

L-Fucose, L-Fuc

D-Glucuronic acid,

D-GIcA e

D-lduronic aC|d
D- IdoA

H

Sialic acid, Sia ‘

" indicates the anomeric hydroxyl which can

be present in either the a- or B-configuration; the B-configurations are shown here.
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Complex

High Mannose

Core region

Figure 3. A symbolic representation of the different classes of
N-linked glycan structures attached to proteins. The definitions of the
symbols are shown in Figure 2. The core region is indicated by the
red dashed box. Various saccharides are attached to a core region to
form a variety of high mannose, complex, or hybrid glycans. High man-
nose glycans consist mannose residues attached to the core region.
Complex glycans can have a variety of different monosaccharides
attached to the core region, and, while two branches are shown here,
hybrid glycans exist with up to six branches. The branches on these
complex structures all begin with a GIcNAc residue, and each branch
can be extended with repeats of a Galp1-4GIcNAc (i.e. LacNAc, N-
acetyllactosamine) disaccharide. GlcNAc, N-acetylglucosamine.

glycans that can be attached to proteins via N-glycosylation
of asparagine residues located at consensus -Asn-X-Ser/
Thr- sites (where X can be any amino acid except Pro).
They vary in size from around 10 to 15 monosaccharides
(some are larger) and are grouped into three general classes
[see Figure 3 and Stanley et al. (15)]; high mannose which
consist largely of mannose-comprised structures attached
to a core oligosaccharide region, complex which consist of
a variety of monosaccharides attached to the core region,
and hybrid which have a high-mannose region as well as a
region which can have a variety of different monosaccharides.
The complex and hybrid structures can be greatly expanded
due to the addition of branching N-acetylglucosminosyl
residues and further addition of monosaccharides to these
branching residues. Other glycans are linked to proteins via
O-glycosylation to the hydroxyl group of -Ser- or -Thr- residues
which greatly increases the complexity of the glycoproteome.
The ability of protein glycosylation to increase its functional

60

range is also discussed in this journal by Cummings (1). Here,
the examples chosen to illustrate the functional complexity of
carbohydrates will largely involve N-linked glycans, but the
reader should know that this complexity extends to the other
cellular glycans; i.e. protein O-linked glycans, glycolipids,
GAGs, etc. (16).

Each protein can have multiple N-glycosylation sites, each
of which can hypothetically be glycosylated by any of the
3000 different glycan structures so that a protein exists as
a population consisting of a combination of many different
glycoforms. The result is that the glycoproteome is orders
of magnitude greater than the proteome. The number of
possible glycoforms (i.e. the number of variations of a single
protein that differ in the pattern of glycans attached) that can
be produced by glycosylation of one protein can be described
by the equation,

x=m-1
where m—1>1

N=n"+m Z n*

X

where N is the number of glycoforms, n = number of
glycan structures, and m = number of glycosylation sites.
As a very simple illustration consider a protein that has
three glycosylation sites (m = 3) in which each site can be
glycosylated by any one of three different glycan structures
(n = 3), and the protein can have one, two, or all three sites
occupied by a glycan. The possible number of glycoforms,
N, of this protein would be 3® + 3[(3") + (32)] = 63. If instead
of three glycans any of the 3000 glycan structures could
occupy the three glycosylation sites, then the number
of possible glycoforms for this one protein would be
30002 + 3[(3000") + (30002)] = 27,027,009,000. Many proteins
have many more than three glycosylation sites, which greatly
increases this potential complexity.

Of course, in the cell all possible glycoforms do not occur and
those that do occur are not all equally probable. Rather, select
combinations of glycans are attached to an individual protein
forming a defined functional combination of glycoforms called
a glycotype. As an example, consider immunoglobulin G,
IgG. Immunoglobulins initiate the immune response toward a
foreign molecule. They are ‘Y’-shaped proteins; a schematic
of the IgG molecule is shown in Figure 4. The arms of the
‘Y’ form the antigen binding portion of the protein, and, via
a combinatorial genetic process, the cell can produce many
variations of this structure in response to innumerable different
foreign antigens. It is known as the fragment antigen binding
(Fab) region of IgG. The stem portion of the ‘Y’ is, in terms of
its amino acid sequence, relatively conserved compared to
the Fab region and interacts with various receptors on cells,
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Figure 4. A schematic diagram of IgG is shown with oligosaccharides
attached to the Fc portion of the heavy chain. Fc contains two glyco-
sylation sites, and each site can remain unglycosylated or glycosyl-
ated with any one of 32 different oligosaccharide. As described in the
text, it is the combination of glycoforms, the glycotype, of Fc which
determines its interaction with FcRs and the resulting strength of the
immune response. FcRs, Fc receptors.

e.g. leukocytes, which initiates cellular immune responses.
It is known as the Fc region because when cleaved and
separated from the Fab portion this stem fragment is easily
crystalized. Both the Fab and Fc regions have attached
carbohydrates. The Fc region has two conserved sites of
glycosylation as shown in Figure 4 and is required for binding
of 1I9G to various classes of the Ec receptors (FCRs) present
on leukocytes, macrophages, etc. It is the Fc glycotype of IgG
that determines the strength of the immune response (11).
Each of the two IgG Fc glycosylation sites can be substituted
by around 32 different glycan structures (11) [also see review
by Lauc and Zoldo$ (17)]. So, in the case of IgG, around 32 of
the possible 3000 N-glycans are found on the Fc heavy chains
to modulate and optimize (i.e. fine-tune) binding of IgG to its
receptors. Thus, for IgG, the more realistic possible number of
different Fc glycoforms (if all 32 glycans are equally probable)
would be 322 + 2[32'] = 1088. In the case of Fc, symmetry
may reduce this number, and, again, not all of the 32 selected
glycan structures are equally probable, and, also, the fraction
of Fc molecules which have both sites, or one site occupied
may differ. In fact, about 11 glycan structures comprise 90% of
those found on the IgG Fc protein. These 11 glycan structures
form reproducibly different Fc glycotypes depending on the
physiological state of the cell; e.g. age, or disease such
as rheumatoid arthritis (11, 18, 19). The glycosylation of
immunoglobulins such as IgG is only one example of the more
general phenomenon that addition of glycans has profound
effects on the complexity and functions of proteins, which is
discussed in more detail below with regard to 1gG.

How are glycan structures ‘written’ and ‘read’?

Sugars are the alphabet of carbohydrate structures (‘words’),
but, as has been stated, ‘compared to amino acids and
nucleotides their versatility (see above description) for isomer
formation (code words) is unsurpassed’ (20, 21). However, as
previously stated, unlike proteins, carbohydrate structures do
not have a direct template in the DNA. So, how are specific
carbohydrate structures synthesized, i.e. ‘written’, and then
translated, i.e. ‘read’, into cellular functions?

The synthesis ofaglycan structure requires numerous proteins
called glycosyl transferases (GTs) and glycosyl hydrolases
(GHs) as well as regulation of their expression. Additionally,
just as synthesis of proteins and nucleic acids requires
activated forms of the amino acids and bases, the synthesis
of glycans require activated forms of sugars. This activation
occurs through the formation of nucleotide diphosphate
sugars, NDP-Sug. Different sugars are activated by different
NDPs. For example, glucose (Glc), N-acetylglucosamine
(GlcNAc), galactose (Gal), N-acetylgalactosamine (GalNAc),
glucuronic acid (GlcA) and a number of others are activated
by attachment to UDP (uridine diphosphate), mannose
(Man) and fucose (Fuc) to GDP (guanosine diphosphate),
and sialic acid (Sia) to CMP (cytidine monophosphate). In
some instances, a sugar is also activated by attachment to
a lipid, e.g. dolichol phosphate in animal cells and various
forms of bactoprenyl phosphate in bacteria and archaea (22,
23). The synthesis of various NDP-Sug also requires specific
metabolic pathways for each Sug. These pathways are not
discussed in this paper, but add another level of complexity
required for the synthesis of carbohydrate structures. The
assembly of a specific carbohydrate structure then occurs
through the transfer of specific sugars from their activated
forms to an acceptor and is carried out by GTs. Each GT has
specificity for the NDP-Sug donor as well as for the structure
of the glycan (i.e. acceptor) to which the new sugar is added.
All of the different GTs for a specific glycan structure must
be expressed at the right time and in the correct order for
a specific structure to be synthesized. In addition to GTs,
the formation of the N-linked protein oligosaccharides also
involves processing of a precursor glycan by specific GHs
that also have to be expressed in the correct order, at the
right time, and at the right location. In bacteria, archaea, and
eukaryotes there are currently 116 and 184 families of GTs
and GHs, respectively, with each family containing numerous
enzymes (see www.CAZy.org) (24). The number of families
and enzymes in these families is constantly increasing as
research progresses. In addition to the GTs and GHs, there
are numerous enzymes that modify carbohydrate structures
via the addition or removal of substituent groups such as
esters, phosphate, sulfate, etc. (see www.CAZy.org) (24).
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Figure 5. The synthesis of the glycoprotein glycan precursor, Glc,Man,GIcNAc,. GTs are known as Alg (asparagine-linked glycan) enzymes.
The initial Man GIcNAc,-Dol is made on the cytoplasmic face of the ER using UDP-GIcNAc and GDP-Man as the activated sugars. This is then
flipped to the lumen side of the ER membrane. Dol-PP-Man and Dol-PP-Glc are made from UDP-Glc and GDP-Man on the cytoplasmic side
of the ER membrane and then flipped to the lumen side of the ER membrane where they are used as substrates to add the remaining 4 Man
residues and 3 Glc residues to the glycan giving the Glc3Man9GIcNAc2-Dol structure. Stanley et al. (15). give a more detailed description in
their chapter and in their Figure 9.3. ER, endoplasmic reticulum; Glc, glucose; GIcNAc, N-acetylglucosamine; GTs, glycosyl transferases; Man,

mannose.

The synthesis of an N-linked oligosaccharide is illustrated in
Figures 5-7. For a typical N-linked glycan, e.g. in the case
of the complex structure shown in Figure 3 (without the
Fuc residue), a total of 34 proteins is required: 21 GTs, 7
GHs, 3 flippases, and 3 quality control proteins. The GTs for
N-glycan synthesis are known as Asn-linked glycosylation
(Alg) enzymes. The description that follows is intentionally
abbreviated, but is described in detail in numerous research
publications and books, e.g. see Stanley et al. (15). Initially a
common high Man structure containing 9 mannosyl, 3 glucosyl
and 2 N-acetylglucosaminosyl residues (Glc,Man,GIcNAc,)
is synthesized on a dolichol carrier (Figure 5) and transferred
to the -Asn-X-Ser/Thr (where X is not Pro) site of the growing
peptide chain in the endoplasmic reticulum (ER) (Figure 5) by
an oligosaccharide transferase OST. This structure is trimmed
in the ER by glucosidases (Gl and Gll) to a Glc,Man,;NAc,
structure in a process that also provides a quality control
mechanism to efficiently produce a correctly folded glycoprotein
(Figure 6). The resulting Glc,Man,GIcNAc,-protein is folded
into the correct three dimensional form by lectins calnexin or
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calreticulin complexed with a thiol-disulfide oxidoreductase
called ERp57. Once a correctly folded glycoprotein is completed
in the ER Gll removes the single Glc and it is released from
the folding complex. An additional Man residue is removed
and it is transferred to the Golgi apparatus for further structural
modification to produce the mature glycoprotein. If the protein
is not folded correctly a GT (UGGT in Figure 6) adds a Glc
residue back to the oligosaccharide and it is recycled through
the folding complex. UGGT is a glucosyltransferase that
specifically recognizes a mis-folded but not a correctly folded
protein. If, after several tries the protein is still not correctly
folded two Man residues are removed and it is exported out
of the ER for degradation. The location and composition of
the glycan on the protein act as a glyco-code that ensures
both correct and efficient folding of the protein (25, 26). This
quality control system is essential for the life of the cell, and
further details are described Suzuki et al. (27) in Essentials in
Glcyobiology. Once the Man,GIcNAc,-protein is in the Golgi
it is processed to a Man,GIcNAc,-protein structure in the cis-
Golgi and then to a GlcNAc,Man,GIcNAc,-protein structure in
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Figure 6. Attachment of the precursor glycan to a -Asn-X-Ser (where X is not Pro) site of the growing polypeptide, completion of the N-glycan
precursor structure, and correct folding of the glycoprotein. Gl and Gll are glucosyl hydrolases, OSTA is the oligosaccharide transferase, UGGT
is a glucosyl transferase, MAN1B1 and EDEM1-3 are mannosyl hydrolases. Details are as described in the text. A more detailed description of
this process is given by Suzuki et al. (27) and shown in their Figure 39.2. ER, endoplasmic reticulum; Gl, glucosidases.

the medial-Golgi, see Figure 7. It is then processed to its’ final
mature structure in the frans-Golgi and then secreted or moved
to its final location (Figure 7) (15). In the Golgi numerous glycan
structures can be made via the variable addition of Gal, SA,
branching GlcNAc, and Fuc residues through the regulated
expression of the required various GTs.

Mechanistically this process initially involves the transport
of the precursor N-glycoprotein from the ER to the cis-Golgi
from ER exit sites (ERES). It has been shown that there
are networks of ‘tubular vessels’ that extend from these
sites toward the Golgi and direct the glycoprotein to the
Golgi facilitated by coat protein | and Il (COPI and COPII)
complexes (28). The various GTs and GHs then produce
the mature N-glycoprotein as it passes through the various
Golgi cisternae. There are two models proposed for how the
glycoproteins pass through the Golgi and are processed by
the GT and GHs into their mature structures; the vesicular

transport model and the cisternal maturation model (29-33).
In the vesicular transport model, the GTs and GHs within the
various Golgi cisternae (cis, medial, and trans) are stable and
the glycoproteins are transported to these various cisternae
via COPII vesicles. In the cisternal maturation model, which
is the favored model, a new cis cisterna is formed and as
it becomes more mature it accumulates the medial and,
then, trans GT and GH enzymes by retrograde passage of
these enzymes from trans to medial to cis via COPI vesicles
which then produce the mature glycoprotein; i.e. as the Golgi
cisternae undergoes the cis to medial to trans maturation the
changing GTs and GHs synthesize the mature glycoprotein
within the maturing vesicle. This process also involves
numerous other Golgi components, such as the conserved
oligomeric Golgi complex (COG), and is both complex and
precise, as described in and excellent review by Blackburn, et
al. (32). The essential nature of these Golgi components for
N-glycan synthesis is shown by the severe defects resulting
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Figure 7. Processing to the mature glycan structure in the Golgi. In
this figure the addition of two Gal and two SA residues is shown, but
other structures can be formed by the expression of various GTs that
can add other branching GIcNAc residues, Fuc residues, as well as
additional combinations of Gal, LacNAc disaccharides, and SA resi-
dues. Stanley et al. (15) describe this in more detail in their chapter
and in their Figure 9.4. Fuc, fucose; Gal, galactose; GIcNAc, N-acetyl-
glucosamine; GTs, glycosyl transferases.

uor-Q

from their disruption (31, 32); e.g. COG defects are correlated
with alterations to the Golgi structure resulting in defective
protein glycosylation and severe developmental defects
(31, 32). Thus, the synthesis of functional N-glycans not
only requires the 34 proteins mentioned above, but also the
proteins in the COPI and COPIl complexes as well as many
other ER and Golgi components.

In addition to N-linked glycans, the ER and Golgi are also
the location for the synthesis of GAGs, glycolipids, O-linked
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glycans, etc. It is the timing, location, and expression of the
glycogenes and their products which determine a functional
glycan structure. Thus, a functional glycan structure is
ultimately determined by the regulatory networks controlling
glycogene expression. This is discussed further below.

The ‘translation’ of glycan structures into their cellular
functions, i.e. the ‘reading’ of their structures, can occur
by a number of mechanisms that have been categorized
into several classes (34). One class is that of modulating
or fine-tuning the activity of a protein. A second class is
molecular mimicry, which is important in host-pathogen
interactions. Finally, a third class is molecular recognition
that is involved in cellular differentiation and developmental
processes. Molecular recognition involves receptors for the
glycoproteins. Some receptors are specific for the protein
portion of the glycoprotein, while others bind the glycan; i.e.
they are glycan-binding proteins (GBPs). The GBPs can
be divided into two general types (35). One type, lectins,
contains carbohydrate recognition domains (CRDs) which
have a defined binding pocket into which a specific glycan
structure fits; e.g. the calnexin and calreticulin proteins
involved in the quality control process described above are
considered lectins. The second type are GBPs that bind
to charged glycans, e.g. GAGs, via ionic interactions. As
summarized by Taylor et al. (35) in chapter 28 of ‘Essentials
in Glycobiology’, the interactions between the glycan
structures and GBPs are required for numerous cellular
functions which include the trafficking and targeting of
glycoproteins both intra- and intercellularly, the clearance
of glycoproteins, and cellular recognition and adhesion
required for such things as the interaction between
lymphocytes and endothelial cells and interactions needed
for the organization of cells with each other and the cellular
matrix. Lectins and GBPs are also involved in microbe-
host cell interactions that determine the pathogenicity of a
microbe, as well as host resistance to a microbial pathogen
involving both the adaptive and innate immune responses.
An example of the role of glycans in fine-tuning a protein’s
activity is the interaction action of the IgG protein with its
receptor is described in the next section. The reader is
referred to chapters 28-38 of ‘Essentials in Glycobiology’
(https://ncbi.nlm.nih.gov/books/NBK579918/)  for much
more detail regarding the many necessary functions of
lectins and GBPs for cellular life.

The role of glycans in fine-tuning a protein’s

function

As stated in the previous section, glycans can modulate
or fine-tune a protein’s function. This happens by forming
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a specific combination of its glycoforms, known as its
glycotype. The ability of a protein to exist as a glycotype
allows its’ functionality to be flexible to meet the changing the
needs of the cell that occur during development, aging, and
in response to the environment. A protein’s function cannot
be simply on or off; it must be just-right. Directed, specific,
and slight changes to glycans attached to the protein allow
the formation of the correct glycotype for the just-right level
of activity needed. As stated by Rademacher et al. (12) ‘...
a glycoprotein has composite activity [of all its glycoforms],
which a cell can control by varying the relative incidence of
each glycoform’.

Glycosylation of the Fc portion of IgG is a very good illustration
of how the function of a protein is fine-tuned. It is important that
the immune system has a ‘just-right’ response to a potential

pathogen as too little is not sufficient to fight the pathogen, and
too much can adversely affect the host. It is also necessary
that, under normal physiological conditions, there is a proper
balance between the pro- and anti-inflammatory responses,
and that these responses are adjustable to meet changing
conditions. The glycosylation of the Fc portion enables this
fine-tuning by forming the appropriate combination of Fc
glycoforms, i.e. it's glycotype, which interact with the various
FcRs on effector cells (36, 37).

The types of glycans attached to Fc and how they affect
the pro- and anti-inflammatory responses is illustrated in
Figures 8 and 9. As previously stated, there can be 32 or so
different glycans attached to the Fc portion of the I1gG protein
resulting in a complex glycotype. Slight changes in the glycans
can shift the response toward a pro- or anti-inflammatory

Inflammatory Response
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S2G2FB G2FB G1 S1G1
GIF G1B S1G1B
+G > +S = T
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*G1, *G1B, G2, G2B

*G1F, *G1FB, G2F, G2FB
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S2G2, S2G2F, S2G2B, S2G2FB

Figure 8. Fine-tuning of the inflammatory response via glycosylation of the Fc portion of IgG. The combination of Fc glycoforms interact with
FcRs on the surface of various types of immune system cells to produce an inflammatory response. The strength of the response is determined
by the composite interaction of these glycoforms with their receptors and this is determined by the structures of the glycans that are attached
to each Fc glycoform. In this Figure, GO stands for the GlcNAc,Man,GIcNAc,-Fc structure shown in the boxed region that lacks any Gal (G)
residues, GOF for that structure with the added Fuc residue (F) through the action of the GT, FUT8. B stands for the addition of a branching
GIcNAc residue by GNTIII. G1 strands for a Gal,GIcNAc,Man,GIcNAc,-Protein in which one Gal (G) residue has been added by B4GALT1.
The addition of B and F as well as an additional G to these structures in various combinations can also occur. Similarly, the addition of sialic
acid, SA (S), to the various combinations of galactosylated structures is done by ST6GAL1. These four GTs, FUT8, GNTIIl, BAGALT1, and
ST6GAL1, account for the specific combinations of Fc glycoforms that can subtilty shift the immune response toward a pro- or anti-inflammatory
response. FcRs, Fc receptors; Fuc, fucose; Gal, galactose; GIcNAc, N-acetylglucosamine; GNTIII, N-acetylglucosaminosyl transferase Ill; GTs,

glycosyl transferases.
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tor, FcRIIb inhibits the response and its expression is increased by interaction with the Type Il receptor, DC-SIGN. The Fc-FcR interactions are
modulated by the pattern of Fc glycoforms (see Figure 9) as well as the pattern of glycoforms for each FcR which are also glycosylated. These
interactions determine the overall activation/inhibition ratio as well as the fine-tuning of the various activation pathways (see text for details).

ADCC, antibody-dependent cell cytotoxicity; FcRs, Fc receptors.

response. As indicated in Figure 8, these changes largely
involve galactose (Gal, or G), sialic acid (SA, or S), branching
N-acetylglucosamine (GIcNAc or B for branching), and
fucose (Fuc or F) residues. Decreasing Fuc transferase gene
(FUT8) expression shifts the glycotype toward glycoforms
without Fuc resulting in increased binding of pro-inflammatory
FcRs (38—42), e.g. FcRIll, as shown in Figure 9. Increasing
N-acetylglucosaminosyl transferase Il (GNTIII) expression
results in addition of a branching GIcNAc (B) prior to addition
of Fuc and, thereby, reduces the effectiveness of FUT8 (18)
and lowers Fuc addition, which, shifts the glycotype toward
glycoforms without Fuc and toward a pro-inflammatory
response (18, 37) but in a less intense manner than reduction
of FUT8 activity directly. Addition of Gal (G) residues to the
glycans by expression of the Gal transferase gene (B4GALT1)
allows subsequent addition of SA (S) by ST6GAL1 (38, 42).
This results in shifting the IgG glycotype toward sialydated
glycoforms which induce expression of FcRIlb via, possibly,
interaction with the type Il receptors DC-SIGN and CD23 (43),
see Figure 9. The result is a shift toward an anti-inflammatory
response. Thus, the pro-/anti-inflammatory balance can be
subtly modulated by changes in the differential expression
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of FUT8, GNTIII, BAGALT1 and ST6GAL1 that results in
changes to the IgG glycotype presented to FcRs.

The importance of being able to maintain and fine-tune the
pro- and anti-inflammatory response via the glycoforms that
make up the IgG Fc glycotype is revealed by examination of
various diseases and aging (19). For example, patients with
rheumatoid arthritis, juvenile arthritis, Crohns disease, lupus,
and mouse lines with autoimmune disease show increased
levels of IgG Fc glycoforms without Fuc which results in an
increased inflammatory response (see Figure 8) (37, 43, 44).
There are also age and gender dependent differences in the IgG
Fc glycotypes (44). Glycoforms without Fuc increase with age,
which would imply a shift in the balance toward pro-inflammatory
response. Pregnant females show increases in Gal- and SA-
containing fucosylated glycoforms indicating a shift toward anti-
inflammatory responses. Therapeutic antibody applications are
based on shifting the anti- and pro-inflammatory balance by
altering the antibody’s Ig Fc glycans (44). So, the fine-tuning of
IgG glycoforms is necessary to maintain the proper pro- and anti-
inflammatory response balance and disruption of this balance
is evident in numerous diseases, as well as aging. This brief
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description of the role of glycans in the fine-tuning of IgG is just
one example of many modulatory roles of glycans for proper cell
functioning.

Glycoforms to glycopatterns: me or not me, that is

the question

In addition to their role in fine-tuning the activity of individual
proteins, glycans on the surface of cells serve as markers of
tissue identity; as determinates of self vs. non-self, i.e. ‘me or
not me’ (45). This is, of course, important in order for a kidney
cell to be and function as a kidney cell, a nerve cell to function
as a nerve cell and so forth. It is also important in order for
the immune system to recognize potential pathogens, i.e. non-
self or ‘not me’; and mount an appropriate defense response.
This process is accomplished by cell surface glycans forming
tissue-specific patterns for individual proteins (tissue-specific
glycotypes), as well as a ‘global’ cellular cell-type pattern
(a glycopattern) comprised of the combination of glycotypes
of cell surface glycoproteins, glycolipids, and GAGs. Early
work by Parekh et al. (46) in 1987 showed that the N-linked
oligosaccharides from Thy-1, a surface glycoprotein, are
different in rat brain compared to thymus tissue. Over the
years a very large amount of information has been gathered
on tissue-, and species-specific glycan structures. These data
were obtained by a variety of techniques, including mass
spectrometry techniques such as MALDI-TOF MS, LC-MS, etc.
in which glycopeptides are produced and analyzed, as well as
by lectin microarrays in which the variation of glycan structures
on a protein, or on the cell surface, can be partially characterized
and visualized. Bojar et al. (47) describe the annotation, via
machine-learning algorithms, of the structural affinity of lectins.
These techniques allow glycan analysis of numerous specific
glycoproteins as well as the determination of specific glycan
structures and their locations on the protein. The results of
glycoproteome studies using these techniques are deposited
at the Consortium for Functional Glycomics web site, www.
functionalglycomics.org. This site also lists many other glyco-
databases as well as links to various analytical tools. Also, a
list of the various glyco-databases can be found at the Human
Glycome Project (https://human-glycome.org/glyco-databases),
and Glyspace Alliance (http://www.glyspace.org). An article by
Zeng et al. (48) illustrates how the authors used data deposited
at the Human Glycome Project to show how the glycopattern at
individual N-glycosylation sites varies from protein to protein,
and also from the same protein isolated from different tissue
types. For example, lysosomal-associated membrane protein 1
(LAMP-1), sodium/potassium-transporting ATPase subunit beta-
3 (ATPB-3) and aminopeptidase each have a tissue-specific
glycotype. Zeng et al. further examined the overall variation
of glycan structures in glycoproteins from various tissues and

showed that different tissues express unique combinations
of glycoprotein patterns, i.e. there are ‘global’ tissue-specific
glycopatterns. The work by Zeng et al., is just one illustration
that the variety of glycoforms of a protein, or proteins, is cell-,
tissue-, and species-specific. Itis the detailed knowledge of these
glycosylation patterns (i.e. the glycoproteome) that provides
functional information and also enables the development of
diagnostic and therapeutic applications (49, 50).

The importance of a protein’s glycotype or a cell’'s or tissue’s
global glycopattern for function is clearly revealed when
examining different diseases. The Fc protein of 1gG illustrates
this for an individual protein. As has been already mentioned
the glycosylation of Fc varies depending on age, and disease,
such as rheumatoid arthritis, etc. Arecent review details how the
IgG glycosylation pattern (it's glycotype) changes as a function
of age and age-related diseases such as Alzheimer’s, type 2
diabetes, vascular disease and various cancers (19). Cellular
‘global’ glycopatterns are also altered in many types of cancer.
Alterations to GAGs, glycolipids, O-linked as well as N-linked
glycoprotein glycans, result in changes to the ‘global’ cellular
glycopatterns that affect cell adhesion and promote metastasis
[see review by Rodrigues et al. (51)]. For example, disruption
of the T-cell glycopattern can lead to immunosuppression and
affect the interaction between T-cells and cancer cells thereby
promoting cancer since T-cell recognition of transformed
cells is involved in the elimination of those cells [for a review,
see Fernandes et al. (52)]. The Fernandes et al. (52) review
describes the molecular details of the role of T-cell glycans in
cancer as well as the use of this knowledge to develop anti-
tumor therapies. Additionally, the alteration of glycan patterns for
many types of cancers is being studied in order to understand
the biology of each disease, and also to develop diagnostic
tools and possible therapeutic applications; examples of these
studies include those for liver (53), lung (54, 55), bladder
(56), breast (57), gastric (58), kidney (59), endometrial (60),
pancreatic (61, 62), esophageal (63), etc., cancers. These
examples are only a few recent review articles and reflects a
very small portion of a voluminous amount of work on the altered
glycopatterns observed in various diseases. The readers are
also referred to chapters 44—-47 of ‘Essentials in Glycobiology’
for more discussion regarding glycans and disease (64). It is
very clear from these studies that proper glycopatterns are
extremely important for the correct functioning of a cell and for
the development and life of the organism.

Regulatory networks determine glycan structural/

functional patterns

The cellular glycopatterns described above are due to the
combination of glycoproteins (N- and O-linked) and other
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glycans (e.g. GAGs, and glycolipids) that are present at
the cell surface, i.e. the glycocalyx and extracellular matrix
(ECM) of a cell. The specific patterns are determined by the
expression of various glycogenes at the correct time and at the
right location. That is, it is the spatiotemporal regulation of the
GTs and GHs, etc., that ultimately dictate the glycopatterns.
As described by Neelamegham and Mahal (65) and Dall’Olio
and Trinchera (66), regulation occurs both during transcription
and translation of glycogenes, see Figure 10.

Transcriptional regulation of glycogene expression is
accomplished by gene regulatory networks (GRNs). These

ranscription
Factors

networks are composed of transcription factors (TFs)
that work together with non-protein coding regions of the
DNA called cis-regulatory modules (CRMs), and these
networks can interact with one another to form interactomes
that dictate the dynamic and precise glycan structures
necessary for development. Developmental gene regulatory
networks (dAGRNs) are those that determine an organism’s
body plan (67-70), and since glycans are essential for
tissue formation and function, it is likely that glycosyl
gene regulatory networks (gGRNs) are part of the dGRN
family. As depicted in Figure 10, gGRNs involve TF factors
interacting with CRMs of various glycogenes. Combinations

Epigenetic Factors
DNA Methylation
Demethylation
Histone Acetylation
Histone Deacetylation

Transcriptional Regulatory Network

Translational Regulatory Network

Figure 10. A schematic illustrating the transcriptional and translational regulatory networks that determine glycan structures. The actual com-
plexity and intricacy of these networks is described in more detail by Groth et al. (67) and Thu and Mahal (68). The top portion of this figure
illustrates translational regulation via TFs interacting with CRMs of various glycogenes and, thereby, activating their expression and resulting
production of corresponding mRNAs (shown in the middle). Each TF can activate multiple genes and, therefore, different TFs may activate
overlapping sets of glycogenes creating various GRNs. Translational regulation occurs by the action of miRNAs (shown in the bottom portion
of this figure). As with TFs, a single miRNA can affect multiple mMRNAs and different miRNAs can affect overlapping sets of glycogene mRNAs.
It is also likely that the miRNA and TF networks interact to produce the correct glycan structures at the right time and place. Expression of
glycogenes can also be affected by epigenetic factors. CRMs, cis-regulatory modules; GRNs, gene regulatory networks; miRNA, micro RNA;

TFs, transcription factors.
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of TFs form a network which results in a specific glycogene
expression pattern. Figure 10 is a simple illustration, and the
actual transcriptional networks (71) are far more intricate
and complex.

Glycan regulation also occurs at the translational level via
the action of micro RNA (miRNA) networks (65, 66, 72) as
illustrated in Figure 10. As with gGRNSs, the actual miRNA
networks (73) are far more complex and intricate than the
simple illustration shown in Figure 10. MiRNAs largely repress
translation of mRNA via promoting mMRNA degradation or by
binding and preventing translation; however, recent work in
the case of two sialyltransferases also showed that miRNA
can also upregulate their activity (74). One miRNA can affect
the mRNA transcripts of several glycogenes, while another
miRNA can affect transcripts of a second set of glycogenes

Epigenetic Factors
DNA Methylation
Demethylation
Histene Acetylation
Histone Deacetylation

and these two sets can overlap so that several, but not all,
glycogene transcripts may be common to both. Additionally,
miRNAs can vary the level at which different glycogene
transcripts are affected, thereby not only determining the
presence or absence of a GT, but also the level of its activity.
MiRNAs could also impact regulation at the transcriptional
level by affecting the translation of glycogene TF mRNAs.

Epigenetic factors can also influence these networks by
altering, for example, the expression of glycogene TF genes,
or directly affecting the expression of genes encoding the
various GTs or GHs. It is known that epigenetic factors affect
dGRNs (69), and since glycans play an essential role in
tissue differentiation during development, it is reasonable to
assume that gGRNs would also be affected by epigenetic
factors.
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Figure 11. Production of a tissue-specific protein glycotype, and a global cellular tissue-specific glycopattern. During the synthesis of multiple
copies of a single protein, each copy can have a unique glycosylation pattern called a glycoform resulting a multiple glycoforms of that protein
which is called a glycotype. The protein’s glycotype is tissue-specific. This specificity is determined by regulation of the various GTs and GHs
via transcriptional and translational regulatory networks as depicted in Figure 10 and described in the text. The major structural diversity of
glycans is produced during their maturation in the Golgi apparatus. The combination of various protein glycotypes as well as glycolipid glyco-
types, and GAGs produce a globular cellular tissue-specific glycopattern. GAGs, glycosaminoglycans; GHs, glycosyl hydrolases; GTs, glycosyl

transferases; miRNA, micro RNA; TFs, transcription factors.

69



BioCosmos

Figure 11 illustrates how a protein’s glycosylation pattern,
i.e. its glycotype, is produced. When a protein is being
synthesized in the ER it is also being glycosylated with the
initial proto-glycans, which also play a role in assuring the
correct folding of the protein (as described above and shown
in Figure 6). The glycosylated and correctly folded glycoprotein
is then transferred to the Golgi apparatus, where the glycans
are processed into their mature structures via the expression
of appropriate GTs and GHs as determined by the gGRNs
and by miRNA regulatory networks. It is in the Golgi that the
large variability of glycan structures is produced. The result
is a unique glycosylated protein called a protein glycoform.
When another copy of this same protein is made the result
is a second glycoform, etc. Thus, numerous copies of the
protein result in a combination of different glycoforms of that
protein which is referred to as its glycotype. It is not certain if
each individual cell produces all the tissue-specific glycoforms
or if each cell produces a single cell-specific glycoform and
it is the combination of these different cell-specific glycoforms
that result in the tissue-specific glycotype. While Figure 11 is a
simple illustration for an N-linked glycoprotein, these regulatory
networks also affect O-linked glycoproteins, GAGs, glycolipids,
etc. resulting in global cellular and tissue-specific glycopatterns.

In order to understand the complexity of these glycogene
regulatory networks, extensive glyco-data bases and
bioinformatic tools for investigation have been established.
Several reviews outline various informatic tools used for rapid
high-throughput glycome analysis (71, 75-82). Arecent review
by Lisacek et al. (78) ‘Worldwide Glycoscience Informatics
Infrastructure: The Glyspace Alliance’ describes the three
major glycoscience bioinformatic databases called Glyco@
Expasy, GlyCosmos, and GlyGen, the types of information
they contain, and access to and analytical bioinformatic tools.
The ‘Glyspace Alliance’ is directed toward informing and
enabling users to identify and efficiently use the data bases
(mentioned above) for their research. The glyco-data bases
are then used with other genomic data bases to determine
glycogene expression/regulatory networks. For example, TF-
glycogene relationships have been determined in the study of
various types of cancer by integrating the glycogene data with
chromatin immunoprecipitation sequencing (ChlP-Seq) and
RNA sequence (RNA-Seq) data found in the Cistrome Cancer
database. This work was able to identify the gGRNs involved
in these cancers (71). Similarly, regulation of glycogenes at
the translational level can be evaluated by using the glyco
data bases together with the microRNA data base (miRBase,
mirbase.org) to identify miRNAs that regulate translation of
glycogene mRNAs (83).

Using these tools, a 2021 bioinformatic investigation by Groth
etal. (71)identified 23,000 ‘potentially significant TF-glycogene
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relationships’. By examining different types of cancers, they
found that these interactions occurred as ‘communities’ of
TF-glycogene relationships (71); i.e. varied and extensive
networks of interacting gGRNs. This work further suggested
that such gGRNs affect the synthesis of all classes of glycans;
O-and N-linked glycans, GAGs, and glycolipids (71). As stated
above these gGRNSs, could also be affected by epigenetic
factors such as histone acetylation (activates)/deacetylation
(represses), histone methylation (represses)/demethylation
(activates), and DNA methylation (represses)/demethylation
(activates) which explains the effect that various environmental
factors can have on glycan structural modification that occurs
in various cancers (71, 84, 85).

It is apparent that a functional cell-specific glycopattern
is the result of a hierarchy of regulatory networks acting
on glycogenes. The gGRNs determine the combination of
GT and GH glycogenes that are expressed, which, in turn
result in a pattern of glycogene mRNAs whose translation is
subsequently determined by miRNAs networks. The result is
the expression of specific GTs and GHs that give rise to the
final protein glycotype or cellular glycopattern. As mentioned
above gGRNs are also involved in the production of functional
tissue-specific glycolipids, O-linked glycoproteins, hyaluronic
acid (HA), and other GAGs; see the review by Basu et al. (86)
describing the spaciotemporal regulation of GAGs. The
final result of the gGRN and miRNA networks is a tissue-
specific functional pattern of glycan structures consisting of a
combination of protein glycoforms, glycolipids, and GAGs that
are necessary for the development and function the organism.

The complexity of glycan evolution

Lauc and coworkers have stated that the ‘simple Darwinian
model of evolution fails to explain adequately ... the difference
in the rate of reproduction between prokaryotic microorganisms
and higher eukaryotes, plants and animals in particular’
and that in order for these organisms to keep up with the
‘evolutionary arms race’ they need to have another mechanism
to adapt that does not involve their ‘reproductive capacity’ (5).
This mechanism is the ability to make adaptive functional
changes that do not require a change in protein structure
via changes to the genome by Darwinian random mutation
and natural selection. One major mechanism by which this is
accomplished is the post-translational modification of proteins
via glycosylation (1, 5, 87) which is controlled by gGRNs
and miRNA networks. Lauc and coworkers (5) further state
that ‘Darwinian evolution does not explain ... the shaping of
development and functional integration of trillions of cells in a
multicellular organism’. As has been described above, glycans
are involved in both functional adaptation to disease and the
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environmentand alsoin the organization of cells into tissues and
organs during development. It has been proposed, in contrast
to a Darwinian model, that heritable epigenetic changes allow
plant and animal cells to keep up with prokaryotes in the
evolutionary arms race and that glycosylation of proteins is
part of this mechanism (4, 5, 17, 87, 88). The role of epigenetic
regulation of glycan structures is currently a growing area of
research and has many potential applications to the treatment
of numerous diseases (88).

Eric Davidson also rejects neo-Darwinism as a mechanism
of animal evolution and, instead, proposes that ‘the evolution
of animal body plans is a system level property of the dGRNs
which control the ontogeny of the body plan’ (70). As mentioned
above due to the role that glycans play in organizing cells into
various tissues, these dGRNs would most certainly include
gGRNs. Thus, understanding the origin of glycans requires
understanding the origins of dGRNs as well as understanding
the origins of the various GT and GH ‘tools’ that are directed
by these networks to build the glycan structural patterns
required for development and function.

In spite of these reservations, generally it has been assumed,
for example, that GTs involved in N-glycosylation originated
via the Darwinian model of random mutation, gene duplication
and natural selection from ancient bacterial and/or archaeal
ancestors. It is known that the N-glycosylation of proteins
occurs in all three kingdoms of life; bacteria, archaea, and
eukaryotes via the addition of mono- or oligosaccharides to
the asparagine residue of proteins having the -Asn-X-Ser/
Thr- consensus sequence (89-92). With regard to the initial
steps of N-glycosylation in the ER (see Figures 5 and 6),
it has been proposed that the eukaryotic N-glycosylation
system had either bacterial or archaeal origins, with the latter
as the more favored hypothesis, or that some components
were of archaeal origin, more specifically proteoarchaeal,
and others of bacterial origin (93-95). The presence of
homologs for certain eukaryotic N-glycosylation GTs are
cited as evidence in support of this hypothesis. For example,
Alg7 (see Figure 5) has homologs in archaea (AglH) and
bacteria (WecA, MraY, and TagO) (93). All of these enzymes
have very similar functions; namely they are dolichol or
undecaprenylphosphate GIcNAc transferases. Similarly
Alg13, and 14 have homologs in archaea and bacteria and
all are UDP-GIcNAc transferases (93). Other enzymes, such
as Alg1, 2, 11 are in the GT1 superfamily and archaea may
have GTs that are also members of this superfamily; however,
their prokaryotic homologs are either unknown or not clear
and have been referred to as possible eukaryotic innovations
(93). Alg5 has no clear prokaryotic homolog nor does Alg3,
9 and 12 (all are mannosyl transferases) or Alg6, 8 and 10
(glucosyl transferases), all of which have been suggested

to be unique to eukaryotes (93). Finally, the OST complex
which transfers the glycan from the lipid carrier to the protein,
consists of eight subunits (15, 96). The catalytic subunit,
Stt3, has homologs in archaea (AgIB) and in one bacterial
species (PgIB) (93). However, the prokaryotes do not have
any of the remaining 7 subunits, all of which are necessary for
activity in eukaryotes (93, 96). In addition, the activity of the
eukaryotic OST complex requires the precise arrangement
of eight phospholipids (96). As described above most of
the diversity of N-glycan structures, as well as GAGs and
glycolipids, occurs in the Golgi and, similar to the ER enzymes
described above, the evolution of the various GTs and GHs
in the Golgi was examined by comparing the sequences of
functional domains of the various enzymes (97). Of course,
in comparing these functional domains, one is comparing
sequences that catalyze similar if not identical reactions. It is
proposed that these Golgi enzymes arose via duplication and
divergence of these domains, gene fusion, as well as de novo
evolution from non-coding DNA (97). All of this work raises
a number of questions regarding a neo-Darwinian origin of
the N-glycosylation machinery. First, the finding that some GT
proteins have homologs in archaea and bacteria that carry out
very similar, if not identical functions is not surprising, but is it
evidence of a neo-Darwinian common ancestry? Is it possible
that proteins could be functionally but not ancestrally related, or
both functionally and ancestrally related? No details are given
how one might distinguish between these possibilities. Also,
evolution of these enzymes via the transfer and/or merging of
functional domains and does not explain the origins of these
domains. Second, quite a few of the eukaryotic GTs do not,
as yet, have any clear prokaryotic homologs and have been
referred to as being unique to eukaryotes or as eukaryotic
‘innovations’. Can random mutation, gene duplication and
natural selection gradually ‘innovate’ a new functional protein?
Infact, it has been stated that such genes did not arise via gene
duplication and rapid diversion but rather by de novo evolution
from non-coding DNA or perhaps from alternative coding of an
existing gene, and that it has happened frequently and often
(98). How this might have occurred is under investigation, but
a gradual process of random mutation and natural selection
over a long period of time is unlikely. Finally, the transfer of the
oligosaccharide from its lipid carrier to the protein requires the
OST complex which consists of eight subunits and involves a
specific arrangement of 8 phospholipid molecules. The Stt3
catalytic subunit of this complex has homologs in archaea
and bacteria but there are no homologs of the other subunits.
Since all eight subunits and a specific arrangement of eight
lipids are required for activity, it seems unlikely that this
complex originated via a gradual process of random mutation
and natural selection. In addition, the GTs require activated
NDP-Sug or lipid-Sug substrates and the metabolic pathways
for their synthesis (not described in this paper) need to be
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present prior to or concurrent with the relevant GTs. In the
case of lipids the concept of an ‘anteome’ has been given
to describe these ‘prior to’ pathways, and how they pose a
problem for the neo-Darwinian explanation of sphingolipid
biosynthesis (99). Finally, protein glycosylation, as well as
the synthesis of GAGs and glycolipids, occurs in the ER and
the Golgi requiring a mechanistic explanation for the origin
of these intracellular membrane organelles as well as for
how the GTs and GHs became functionally located in these
intracellular structures.

Understanding the origin of glycans also requires
understanding the origins of the gGRNs and miRNA
regulatory networks as well as the mechanisms by which
they interact since the synthesis of a functional glycan results
from the spatiotemporal regulation of the various GTs and
GHs which determines the functional glycotype of numerous
glycoproteins (as described above for 1gG), as well as the
functional patterns of the other cellular glycans [GAGs, etc
(86)]. Much has been published regarding the evolution of
dGRNs by Eric Davidson and others [for reviews see Refs
(67-70, 100-104)] and, given the importance of glycans in
development, dGRNs will likely include gGRNs. Davidson
argues that dGRNs are hierarchal in that those involved in
the formation of a basic body plan, ‘deep’ or ‘kernel’ dGRNs,
are very resistant to change, and that any mutation is
catastrophic (70, 100). Erwin and Davidson state that these
‘kernel’ dGRNs are responsible for the basic body plans that
appeared in the Cambrian explosion (100). At this point, it is
should be noted that each plant and animal cell is surrounded
by glycans attached to the cell called the glycocalyx as well as
glycans not attached to the cell called the ECM which consist
of a complex functionally defined mixture of N- and O-linked
glycoproteins, glycolipids, GAGs, etc. The glycocalyx and
ECM are essential for the formation of bone and connective
tissues and the different cell types during the development of
an organism as well as for maintaining homeostasis of each
cell type (86). Producing all the functional structures for each
glycan requires the coordinated interaction of gGRN and
miRNA regulatory networks, i.e. interactomes, of the various
glycogenes. Multicellular organisms would not exist without
the ECM and, in particular, vertebrates would not exist (87,
105). Lauc et al. (87) state that the formation of the ECM is
‘one of the critical steps in the evolution of multicellularity’
allowing cells to ‘function as a coordinated unit and, thereby,
enabling intercellular communication, cell differentiation, and
development. ECM is characteristic of metazoan life forms
and, therefore, would be required for the rapid appearance
of the body plans that occurred in the Cambrian explosion,
as well as being essential for the diversity of life stemming
from that event. Thus, it is highly likely that understanding the
origin of dGRNs includes understanding the origin gGRNs.
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Davidson proposes that evolutionary changes after the
Cambrian period occur via regulatory subcircuits that ‘plug-
in’ to dGRNs and modify but do not change the fundamental
aspects of an already existing body-plan dGRN (100).
However, there is still a great mystery surrounding the origin
of the ‘kernel’ dGRNs, which would likely include gGRNs. As
stated by Stephen Meyer in his book ‘Darwin’s Doubt’ it is
unlikely that the neo-Darwinian mechanism of gradual change
by random mutation and natural selection over a long period
of time gave rise to new integrated dGRNSs, and therefore new
9gGRNs, that resulted in new body plans (106). With regard
to the origin of glycans in plants and animals, therefore, one
could reasonably expect that there are ‘kernel’ gGRNs that
are highly resistant to change, as well as gGRN ‘subcircuits’
that may be more flexible and are responsible for functional
modification and fine-tuning of existing structures.

Perhaps an even more fundamental question is the identity
and origin of the informational structures that guide the
operation of these dGRNs during the development of an
organism. It is known that cross-species cloning will not
lead to successful development of an adult organism (107,
108) due to the fact that, as Denis Noble has stated, DNA
sequences that ‘may be very successful in one organism
or environment might be lethal in another’ (107), e.g. a frog
genome developmentally functions in a frog egg cell and a
fish genome in a fish egg cell but not vice versa. That is, there
is non-genomic (i.e. epigenetic) structural information in the
membrane structure and components of the egg cell that
initiates and guides the dGRN-controlled expression of the
genome during development. Evidence for the presence of
epigenetic structural information in cellular membranes and
its implications regarding neo-Darwinian evolution has been
reviewed by Jonathan Wells in his article ‘Membrane patterns
carry ontogenetic information, that is, specified independently
of DNA' (109). Noble (107) and Davidson (70) propose that the
evolutionary diversity of animal species occurs at the system
level, i.e. via dGRNs, and that the neo-Darwinian gradual
process of random gene mutation and natural selection is
an inadequate mechanism. Likewise, neo-Darwinism cannot
be a mechanism for the origin of this epigenetic, i.e. non-
genomic, information present in the membrane architecture of
the cell that guides the initiation and operation of the dGRNs,
gGRNs, and miRNA networks that direct the developmental
process or an organism.

This paper has described, by giving illustrative examples,
the structural, functional, and evolutionary complexity of
carbohydrates.
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First it was shown that carbohydrate structural complexity is
due to the chemistry of sugars which allows many branching
possibilities and, therefore, an oligosaccharide can form
many more possible structures than an oligopeptide or
oligonucleotide. This means that carbohydrates have much
more potential information than either proteins or nucleic
acids. This increased informational content is reflected in the
amount of information that the cell devotes to the synthesis of
one functional carbohydrate structure. A protein is encoded
by the information in the sequence of the deoxynucleotides
in a gene; i.e. the gene serves as a direct template for the
protein’s amino acid sequence. This is not the case for
carbohydrates. The structure of an oligosaccharide that is
attached to a protein or a lipid requires numerous enzymes
(e.g. more than 35 GTs and GHs, etc.) to assemble a single
structure in addition to all the TFs and CRMs that comprise
the gGRNSs, and the miRNA networks to ensure the synthesis
of the correct functional glycopattern for the development and
maintenance of functional tissues.

Second, the immense potential structural complexity of
carbohydrates gives the cell a great deal of flexibility to both
fine-tune and increase the functional range of a protein’s
activity, as described above for IgG, and form the pattern of the
cell’s glycocalyx required for development of an organism, the
function and maintenance of a cell type, as well as enabling
the cell to adapt to changing environments. Such changes are
functionally specific and directed by the regulatory networks
mentioned in the previous paragraph.

Third, the evolution or glycans is also complex. Sequence
similarity between the functional domains of some animal
GTs with those found in bacteria and archaea have led some
to hypothesize that glycosylation mechanisms (e.g. protein
N-glycosylation) originated via a neo-Darwinian mechanism
from a last common eukaryotic ancestor (LECA) which arose
from a combination of the last archaeal common ancestor
(LACA) and the last bacterial common ancestor (LBCA),
which, in turn, came from the cenancestor (93). However,
numerous GTs involved in protein N-glycosylation are thought
to be unique eukaryotic innovations, while others have
multiple components in which only the functional domain of
one component has similarity to a domain of similar function
in archaea or bacteria. While it is known that proteins with
similar sequences are functionally related, this does not
necessarily mean they are ancestrally related. Perhaps similar
sequences can be functionally but not ancestrally related, or
both functionally and ancestrally related. Others, such as
Lauc, Davidson, and their coworkers, have stated that animal
diversity arising from the Cambrian era cannot be explained
by neo-Darwinism. For example, Lauc and coworkers propose
heritable epigenetic variation in which glycans would play a

major role. Others, due to the fact that development involves
dGRNs suggest that animal diversity is better explained by
evolutionary changes at the system level involving subGRNs
that add to ‘kernel’ dGRNs which modify but do not make
dramatic changes to existing body plans since any mutation
to ‘kernel’ dGRNs is catastrophic to the organism. Since
glycans are essential to development, and since functional
glycan structures and patterns are directed by gGRNs as
well as interacting miRNA networks, it seems reasonable to
suggest that this system level evolution would also apply to
cellular glycans. What is not explained, and what remains a
mystery, is the origin of these dGRNs and gGRNSs. Finally,
it is not understood how the dGRNs, which would include
gGRNSs, are initiated and guided during development, but it
has been proposed that there is non-genomic (i.e. epigenetic)
informational structures in the cell, e.g. it's membrane, that
provide this function (109), and that the origin of this structural
information cannot be explained by the gene-centric neo-
Darwinian hypothesis.

The formation of glycan structures and patterns required
for cellular differentiation into different tissues during
development as well as for maintaining the function of
each cell type involves a process that is guided by gGRNs
interaction with miRNA networks; a process that appears
purposeful and goal oriented and did not likely originate via
a neo-Darwinian mechanism. That is, glycans are formed
via a ‘teleo’ process. A recent special issue of the Biological
Journal of the Linnean Society entitled ‘Teleonomy in Living
Systems’ (vol. 139, issue 4) is dedicated to the idea of
purpose in biological evolution. In an overview of that issue
Vane-Wright and Corning state ‘The evolved purposefulness
of living systems has been both a major outcome and an
important causal factor in the history of life on Earth’ (110). It
is reasonable, therefore, to suggest that the origin of glycans
is also best explained as a purposeful process; i.e. a ‘teleo’
process. A ‘teleo’ process can be described as teleologic or
teleonomic. The former description suggests the possibility
that this purposeful process involves an ‘agency’ of mind or
consciousness as suggested by intelligent design advocates,
while the latter states that the purposefulness is self-caused
and that it is inherent in the cell itself. The articles included in
this special issue (vol. 139, issue 4) of the Biological Journal
of the Linnean Society attempt to resolve the ‘teleological
dilemma’ that the data evinces (111), and by making a case
for a self-causing teleonomic process (112). Heylighen (113)
in his paper on ‘the meaning and origin of goal directedness’
in the evolutionary process states that ‘goal-directedness
does not presuppose any mysterious force, such as intelligent
design, vitalism, conscious intention, or backward causation’.
However, | would suggest science should follow the evidence
to the most reasonable conclusion. That the evidence of
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dGRNs, which include those involved in producing functional
glycan structures, supports a systems level purposeful, goal-
oriented evolutionary mechanism and that, given experience
shows that such processes invariably are a product of mind,
intelligent design is a reasonable explanation of their origin. It
is not a matter of presupposition, but of following the evidence
where it leads.
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