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The role of glycans in the functional diversity of plant and animal cells as an
additional opportunity to modify cellular processes

Shota Jinjolia
Candidate of Biological Sciences, Associate Professor, Akaki Tsereteli State University,
Kutaisi, Georgia.

The article describes the most important role of carbohydrates in post-translational modification of pro-
teins in plant and animal cells. It is noted that it is protein modification with carbohydrates that is the reason for
proteins' diverse functional capabilities. The processes of glycan synthesis on the endoplasmic reticulum and their
attachment to proteins, followed by transport to the Golgi apparatus, are described. The subsequent fate and
function of the resulting glucoconjugate in the cell are discussed. The article addresses the necessity of further
glycan research for modifying cellular processes and consequently creating plant and animal organisms equipped
with new properties, and examines contemporary spectral and chromatographic methods for glycan research.

Keywords: Functional Diversity of the Cell, Glycans, Plant and Animal Cell, Protein Glycolysis

The development and functioning of a living organism constitute an extremely complex process.
Its modification and endowment with new properties is the highest goal of fundamental research in the
corresponding field. Comprehensive fundamental research of plant and animal cells is a necessary
condition for studying cell structure and composition, analyzing the processes occurring within them,
controlling, modifying, and ultimately creating new organisms with predetermined properties.

The immense diversity of biochemical processes occurring in living organisms requires specific
structures and functions of the molecular components participating in them. It is difficult to imagine that
only the diversity of protein structure determines the immeasurably high degree of functional capa-
bilities of proteins in the organism. It has been established that molecules make a special contribution to
this process, which are formed as a result of modification of newly synthesized proteins according to the
“template” encoded in the genome.

The development and functioning of an organism are incredibly complex tasks. The sheer
number and variety of biochemical processes occurring within a cell are staggering, and each process
requires - at a minimum - specific molecular structures and functions from the components involved.

Given that the number of genes in a typical bacterium is only about ten times fewer than in higher
eukaryotes, it's difficult to attribute the vast difference in organizational complexity solely to the
diversity of protein structures. A significant part of this functional diversity arises from modifications
that occur after proteins are synthesized from their genome-encoded templates.

Among these, the attachment of sugar polymers to proteins - known as glycosylation - stands
out. Many proteins essential to the emergence of multicellular life undergo post-translational modi-
fication (that is, after protein synthesis is complete) by sugars. Carbohydrates as the most important
bioinformational macromolecules, standing on a par with nucleic acids and proteins.

It is not only the most widespread post-translational modification (about 50% of all human
proteins are glycosylated!) but also arguably provides the structural diversity and functional plasticity
that cannot be directly encoded in DNA.

Unlike other modifications, glycans are not synthesized based on a nucleic acid template. Instead,
they are built through a complex, multi-step enzymatic system influenced by hundreds of genetic and
environmental factors. As a result, glycosylation introduces a level of variability and adaptability that is
unmatched by many other post-translational modifications, such as phosphorylation or sulfation (of
which science now recognizes over 250 types [1]).



While many of these modifications function primarily as regulatory switches, glycosylation plays
a foundational role in shaping protein structure and determining function. The significance of this
process is further underscored by the fact that nearly all proteins associated with multicellularity are
glycosylated.

More detailed, comprehensive, and more scientific discussion of the carbohydrate theory of life's
origin is described in the original article [2]. There are other versions of the carbohydrate model of
biogenesis - perhaps it all began with individual amino acids that catalyzed the synthesis of simple su-
gars, after which carbohydrates could rule the day. This theory has garnered partial experimental su-
pport - threose and erythrose can be synthesized from glycolaldehydes in the presence of L-amino
acids [3], and deoxy-D-ribose can form from proteinogenic aminonitriles (amino acid precursors) [4].

Structurally, glycans are relatively small polymers of monosaccharides - the simplest forms of
sugar and basic building blocks for carbohydrates. These blocks are sometimes called the “third al-
phabet” of molecular biology (while the first two are nucleotides and amino acids). A pair of such bui-
lding blocks can form disaccharides (for example, sucrose or maltose), and larger quantities form oligo-
or polysaccharides. Glycans, assembled from three or more monosaccharides, fall into the latter two
groups.

It's worth noting that not only proteins but also lipids can be “sweetened” (i.e., modified by gly-
cans). However, in this article we'll only touch on protein glycosylation.

Glycans are first synthesized as precursors on endoplasmic reticulum membranes and are cova-
lently attached there to a strictly defined amino acid sequence of an already synthesized protein. After
this, the initial glycoconjugate is transferred to the Golgi apparatus, where the glycan can either remain
as is or undergo trimming - cutting off unnecessary saccharides followed by building up to a new sugar
structure. This is handled by a huge number of glycosyltransferase enzymes, which are strictly specific
about which monosaccharide they attach, where, and how [5].

The resulting glycoconjugates are either secreted outside or remain bound to the cell membrane
and become a component of the glycocalyx, forming the structural-functional topography of the cell.
Thus, whatever approaches the cell - whether a protein, another cell, or a microorganism - it will first
come into contact with the cell's “sugar coat” [6]. It is interesting to note that this topography is not di-
rectly encoded in the genome, yet is inherited by daughter cells after division and is extremely impo-
rtant for their proper functioning [7]. Secreted glycoconjugates form the intercellular matrix, whose
appearance is considered one of the important evolutionary steps toward multicellularity [8]. The matrix
is necessary for coordinated cell function: differentiation, spatial localization, intercellular communi-
cation, movement, and transport. Thus, most likely, glycans were at the forefront of multicellular evolu-
tion and further organism complexity, providing the necessary communication between cells of a uni-
fied organism.

If glycans constitute up to 90-95% of total protein mass, they can be quite uniform - consisting of
fairly long chains of alternating disaccharide units attached to different parts of the protein. Then such a
glycoconjugate (protein + polysaccharide) is called a proteoglycan. Most proteoglycans are secreted by
cells, constitute the intercellular matrix, and perform structural functions, for example, in bones or the
eye's cornea.) The carbohydrate portion excellently binds water, providing great mass and elasticity to
connective tissue, and in proteoglycans is the main structural and functional component. But we
shouldn't forget that a substantial part of the glycocalyx consists of proteoglycans that primarily perform
mechanical protective functions.

Currently, it's assumed that up to 10,000 different glycans exist in the human body, which is quite
possible at least from a combinatorial standpoint and considering the known glycan biosynthesis pa-
thways. Taking into account that one protein can have more than a hundred glycosylation sites, the nu-
mber of their possible combinations on just one copy of one protein is mind-boggling. This also greatly
dampens the enthusiasm of analytical scientists, discouraging them with analytical complexity - perhaps



this is one of the main reasons for the long avoidance of glycobiology and its relative youth. However,
the leap-like development of methods and instruments for glycoanalysis has led to a huge array of new
research. Through the sugar lens, even long-studied protein functions and entire organisms have begun
to look completely different.

You might ask: “Is the structure of each one really so important for protein function, and does it
really change it so much?”. The most accurate answer would be: “We don't know yet”. However, it is
far from excluded that this is indeed the case. An example is the protein glycodelin, important for con-
ception and pregnancy, whose amino acid sequence is identical in both women and men, but whose
glycosylation differs dramatically. In women, most of its glycoforms work as a contraceptive (preven-
ting sperm penetration into the egg), while the male variant, conversely, stimulates sperm contact with
the egg [9].

Since we've touched on fertilization, we must note how crucial glycosylation is in this process
[10]. As such, sperm is foreign to the female organism and should trigger an immune reaction. Ho-
wever, it (like some viruses!) carries proteins on its cell membrane modified by glycans containing si-
alic acids, which allows adaptation to the hostile environment. For approaching the egg, these sugars
must be removed - otherwise fertilization won't occur. In turn, four glycoproteins are embedded in the
human oocyte's protective shell (zona pellucida). The glycans on them are ligands for sperm receptors,
initiating the acrosome reaction (release of enzymes from the sperm head that dissolve this protective
shell) and, consequently, sperm penetration inside. During sperm penetration into the egg, a chain of
biochemical processes is triggered, leading to sugar cleavage from the egg shell’s glycoproteins and the
so-called ”polyspermy block™ - preventing more than one sperm from penetrating the oocyte. Thus,
even the very beginning of our life cannot do without sugars.

Overall, the biological functions of glycans are very difficult to classify and generalize, since
almost the entire surface of any cell is covered with diverse glycoconjugates. This means that any action
involving these molecules, from fertilization to cell death, will depend on correct glycosylation. Roug-
hly summarizing, glycans perform structural and storage functions (for example, glycogen in muscles
and liver, and laminin - a glycoprotein crucial for embryonic development and tissue structure), mole-
cular mimicry functions (important for pathogenic and symbiotic organisms, and for the situation des-
cribed above), as well as the function of specific receptors for other molecules (most often glycan-bin-
ding proteins, otherwise called lectins). The latter ensures almost all intercellular communication pro-
cesses (and almost all known biological cell functions are based on this), their migration and interaction
within cellular formations. The diversity of already studied lectins is quite large, and information about
them continues to accumulate, enriching our knowledge of the systems biology of protein-carbohydrate
interaction.

The thickness of this new chapter of biological science is still difficult to reliably assess, since
glycobiology is a very young discipline. Interest in carbohydrate biochemistry and metabolism arose in
the first quarter of the 20th century, but then they were perceived only as energy sources or structural
material for the organism, and no other biological activities were expected from them. Even in the
1970s, during the explosive interest in molecular biology, carbohydrate research was catastrophically
ignored and couldn’t keep up with studies of the DNA-RNA-protein triad. For years, “protein” and
“carbohydrate” scientific communities operated almost independently, creating separate archives of
glycans and proteins. We already know that carbohydrate modifications of proteins can be truly eno-
rmous and often exceed the mass of the protein backbone itself.

This makes us wonder why glycobiology is such a young science, and how, while conscienti-
ously studying protein structures and functions, scientists managed to ignore glycans for so long. This is
largely explained by the structural complexity of glycomodifications, which doesn't follow from ge-
nomic DNA sequence. With the molecular biology methods available then, deciphering carbohydrate
structure sequences was incredibly complex. We shouldn’t forget that one cell can have tens of thou-



sands of glycoprotein molecules, each with dozens of different glycans. However, with technological
advancement (especially mass spectrometry methods), glycobiology is attracting increasing interest and
gaining greater recognition.

So what methods are used to study the glycoproteome? By analogy with antibodies - workhorses
for selective macromolecule detection in samples - we can determine carbohydrates using lectins -
proteins that specifically recognize carbohydrates or their specific fragments. Lectins and their selec-
tivity in carbohydrate interaction form the basis of a huge number of molecular processes occurring in
the organism. However, while in theory we can direct the immune system toward any antigen (including
carbohydrate residues) and obtain specific antibodies, this won't work with lectins: their selectivity is
already determined by the genome-encoded structure. But given the enormous diversity of lectins in
plant and animal cells, we can almost always find a suitable trap for a carbohydrate target.

For most bioanalytical chemistry tasks requiring high productivity, high-performance liquid
chromatography (HPLC) remains the most popular method for separating complex samples, and gly-
cans are no exception. HPLC not only allows substantial reduction of separation time (down to 5-10 mi-
nutes!), but also ensures high reproducibility and repeatability of results. The latter is very important
when glycan identification occurs by comparing their column elution rate with a set of standards. Then
UV or fluorescent detectors are part of the separation system and register the column elution signal.
Since glycans themselves don't absorb ultraviolet light and do not fluoresce, standards and experimental
samples must be modified with appropriate labels before chromatography. Another detection option is a
mass spectrometer. It often doesn't require chemical sample modification and essentially functions as
very precise molecular scales capable of determining molecular mass and composition. Additionally,
tandem mass spectrometry can reveal the structure of the studied glycan. In this approach, we first dete-
rmine the whole molecule's molecular mass, then fragment it and (in tandem with the first measu-
rement) learn the fragment masses. Then, using computer programs (and sometimes even manually), we
assemble the resulting puzzle and determine the carbohydrate polymer's spatial structure. Before the
widespread distribution of mass spectrometers and precise sugar analytical standards, this same primary
structure determination task was solved by biochemical methods. Exoglycosidases - enzymes that spe-
cifically cleave certain monosaccharides from glycan ends - were sequentially added to the same glycan
mixture sample. Then chromatographic analysis was conducted after each reaction, evaluating changes
in migration time and signal intensity. The ideology of this approach closely resembles the Edman
protein sequencing method.

However, not only HPLC can be used as a separation method. Capillary electrophoresis (CE) has
proven to be a very popular and effective method for glycan analysis. Initially, the method gained po-
pularity among DNA and RNA researchers, and only later did scientists realize they could separate any-
thing - practically any molecules. In CE systems, compounds migrate depending on their electrophoretic
mobility, which depends on molecular size and charge. CE is a very simple system - essentially a very
thin tube with buffer to whose ends electrical potential is applied. Detection after CE separation can be
accomplished by the same methods as in HPLC: UV and fluorescent detectors and (tandem) mass spe-
ctrometry.

The methods discussed above primarily pertain to the structural analysis of glycans and
glycoproteins, serving more to encompass diversity and accumulate data on glycomodification com-
position in proteins of various organisms. However, to build any unambiguous conclusions about the
organization, mechanisms, and roles of glycosylation system components, classical functional glycomic
and glycobiological studies are necessary - about information encrypted in the organism’s glycome and
how and under what conditions glycan-binding proteins - lectins - read and decipher it, transmitting the
signal further.



Conclusion

In conclusion, I’d like to return to the starting point of this article and emphasize its central
message. Glycobiology though a relatively young and complex discipline, has long been overlooked by
geneticists and other scientists, we shouldn't repeat the mistake of 20th-century researchers and perceive
carbohydrates only as an energy-rich food component. The potential of glycobiology and glycomics in
explaining immune system function, pathogen interaction with it, cellular signaling and communication,
embryonic development and ontogenesis, in synthetic biology and biomarker research is so enormous
and far-reaching that it's currently difficult to assess its real scale, but it's impossible to ignore anymore.
Therefore, in the next article of the cycle, we'll talk about glycobiology, increasingly raising its head in
medical aspects. Why can carbohydrates specifically say a new word in biotech and organism health?
Why cannot protein function in the organism “naked”, and why aren't proteins, RNA, and small
molecules enough for us? We will talk about it next time.
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