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Metabolism of glycoproteins and glycolipids is accompanied by the appearance of unbound struc-
tural analogues of the carbohydrate portion of glycoconjugates or so called free oligosaccharides. There are
their several sources inside the cell: 1) multistep pathways of N-glycosylation, 2) the cell quality control and
ER-associated degradation of misglycosylated and /or misfolded glycoproteins, 3) lysosomal degradation of
mature glycoconjugates. In this review the information about the ways of free oligosaccharides appearance
in different cell compartments and details of their structures depending on the source is summarized. In addi-
tion, extracellular free oligosaccharides, their structures and changes under normal and pathological condi-
tions are discussed.
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lycosylation is one of the most widespread
post- and co-translational modifications of
proteins and lipids. All the functional roles
of the enormous diversity of glycan structures are
not known but there is no doubt about their crucial
importance in essential molecular processes main-
taining development, maturation and continuing
health of living organisms. An aberrant glycosyla-
tion in different disorders is a proof of that. Me-
tabolism of glycoconjugates is accompanied by the
appearance of unbound structural analogues of the
carbohydrate portion of glycoconjugates or free oli-
gosaccharides (FOS).
Free oligosaccharides are the combined results
of three main processes (multistep pathways of N-

linked glycosylation itself, ER-associated degrada-
tion (ERAD) of misglycosylated and/or misfolded
glycoproteins and lysosomal degradation of mature
glycoconjugates) [1-3] and can indicate normal and
aberrant pathways of previous and current glyco-
sylation. Some of these FOS are the earliest indica-
tors of potential glycosylation alterations that would
be revealed in the course of the cell quality control
and ER-associated degradation. The connection be-
tween FOS detection and human disorders has been
demonstrated and glucosylated FOS have been re-
vealed as quantifiable biomarkers of ER-glucosidase
inhibition in vivo and quite informative in lysosomal
storage disorders [4]. Certain enzyme deficiencies
in the case of congenital disorders of glycosylation

Abbreviations: BiP — immunoglobulin heavy-chain-binding protein; Derlin — degradation in endoplasmic reticulum
protein; DnaJ — heat shock proteins with J-domain; EDEM — ER-degradation enhancing alpha-mannosidase like protein;
ENGase — endo-B-N-acetylglucosaminidase; ERAD (ER-associated degradation) — endoplasmic reticulum-associated
degradation; ERp57, ERp59, ERp72, ERp44 — disulfide-isomerase like proteins in ER; a-GII — a-glycosidase II;
GM1, GM2 — monosialotetrahexosyl-gangliosides; GRP78 — glucose regulated protein; HPLC — high performance
liquid chromatography; Hsp70, Hsp40 — heat shock proteins; MALDI-TOF MS — matrix-assisted laser desorption/
ionization time-of-flight mass spectrometry; MANIBI (endomannosidase I) — a(1,2)-mannosidase; NAM (MAN2CI) —
neutral cytosolic a-mannosidase; PDI — protein disulphide isomerise; PNGase — peptide:N-glycanase; UGGT — UDP-
glucose:glycoprotein glucosyltransferase.
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are sufficiently reflected in the FOS structures [5].
Oncotransformations can dramatically change FOS
profiles in urine of patients with hepatocellular car-
cinoma [6] and plasma of patients with blood pro-
liferative diseases [7]. Thus, free oligosaccharides
have to reflect a general glycostatus of a cell or an
organism.

In this review we will analyse the information
known so far about the ways of FOS appearance,
their structures, intracellular compartmentalization
and extracellular distribution.

Dolichol phosphate cycle at the

early stage of N-glycosylation gives
rise mostly to negatively charged
phosphorylated free oligosaccharides

Dolichol (Dol) is a polyisoprenoid alcohol used
as a sugar carrier for N-glycosylation both in the en-
doplasmic reticulum and the Golgi. In ER it takes
part at the early stage of N-glycosylation step-by-step
assembling the precursor glycan Gle,Man ,GIcNAc,.
To become the carrier in an eukaryotic cell it must
be phosphorylated by dolichol kinase (EC 2.7.1.108)
to form dolichol phosphate (Dol-P) [8].

Dolichol phosphate is biosynthesized on the
cytoplasmic face of the endoplasmic reticulum and
the precursor glycan assembling begins on the same
side (Fig. 1).

Sugar residues from nucleotide-activated sugar
donors are transferred onto a dolichol phosphate by
specific cytoplasmically oriented glycosyltransferas-
es. In the first reaction, GIcNAc-P is moved from
uridine diphosphate N-acetylglucosamine (UDP-
GlcNAc) onto Dol-P giving rise to GlcNAc-PP-Dol
with the aid of N-acetylglucosamine transferase (EC
2.7.8.15). In the second reaction, another GIcNAc
residue is added to the structure. In the following
metabolic steps, specific mannosyltransferases (EC
2.4.1.142; EC 2.4.1.132; EC 2.4.1.257; EC 2.4.1.131)
add five Man from guanosine diphosphate mannoses
(GDP-Man) to the growing saccharide till generation
of the heptasaccharide Man GlcNAc -PP-Dol. At this
point the synthesis of the glycans-precursors on the
cytoplasmic side of ER membrane is finished and the
heptasaccharide is flipped across the ER membrane
to the luminal face.

Inside the lumen mannosyltransferas-
es (EC 2.4.1.258; EC 2.4.1.259; EC 2.4.1.261;
EC 2.4.1.260) transfer Man from Dol-P-Man to the
oligosaccharide elongating the glycan till Man Glc-
NAc,-PP-Dol. The formation of the glycan-pre-

cursor ends by addition of three glucose residues
from Dol-P-Glc with the aid of glucosyltrans-
ferases (EC 2.4.1.267; EC 2.4.1.265; EC 2.4.1.266).
Dol-P-Man and Dol-P-Glc are synthesized on the
cytosolic side of ER membrane and then flipped into
the lumen.

When the precursor oligosaccharide is trans-
ferred from Glc,Man GIcNAc -P-P-Dol to appropria-
te Asn-X-Ser/Thr sequences in nascent polypep-
tides in the lumen of the endoplasmic reticulum,
the glycosyl carrier lipid is released as dolichol
pyrophosphate (Dol-P-P). A Dol-P-P phosphatase
(EC 3.6.1.43) converts Dol-P-P to Dol-P [9]. Dol-P
returns to the cytoplasmic side of ER where it can
be reutilized for lipid intermediate biosynthesis and
additional rounds of N-glycosylation [10].

Dol-P is a rate-limiting intermediate during
protein N-glycosylation [11]. Because de novo doli-
chol synthesis is slow, Dol-P availability from the
dolichol cycle being of particular importance may
demand recycling of mature [12] and even imma-
ture [13] Dol-P-oligosaccharide intermediates that
leads to appearance of free oligosaccharides as
byproducts. There are two principal ways of their
formation: by cleaving the bond between two resi-
dues of phosphoric acid or by breaking the linkage
between the second residue of the acid and GIcNAc.
The first way leads to releasing of free glycans with
a negative charge due to one residue of phosphoric
acid at the reducing end of the sugars (Fig. 1, 4, B).
A realization of the different possibility gives rise
to neutral free oligosaccharides with N-acetylglu-
cosamine at the reducing termini (Fig. 1, C, D).
Interestingly, some Dol-P-oligosaccharide interme-
diates are a source of only the first group of FOS,
others form the second, and there are some interme-
diates that may give the both.

The first evidence that the dolichol cycle is
the source of free phosphooligosaccharides was ob-
tained by Hsu et al. during the elucidation of the role
of Man-P-Dol in the protein glycosylation. In mouse
myeloma microsomes the researchers revealed free
Man GleNAc, -P [14]. The presence of free Man,Glc-
NAc,-P was demonstrated in rat spleen lymphocytes
[15]. Man,_,GlcNAc,-P were detected in many cell
lines [16]. Further investigations revealed the py-
rophosphatase (EC 3.6.1.44) hydrolysing the diphos-
phate bond that leads to formation of phosphorylated
oligosaccharides [17] and the different fates of inter-
mediates from the pool of Dol-P-oligosaccharides:
the non-glucosylated ones gave rise to free phospho-
oligosaccharides but glucosylated led to appearance
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Fig. 1. The dolichol phosphate cycle as a source of free oligosaccharides. UDP — uridine diphosphate, GDP —
guanosine diphosphate, P — phosphate, PP — pyrophosphate, Glc — glucose, GlcNAc — N-acetylglucosamine,
Dol-P—dolichol phosphate; 1 —UDP-GlcNAc: dolichol phosphate GlcNAc-1-phosphate transferase; 2— UDP-
GlcNAc: dolichol pyrophosphate-GlcNAc N-acetylglucosaminyltransferase; 3 — chitobiosyldiphosphodolichol
[-mannosyltransferase ; 4,5 — a-1,3 mannosyltransferase; 6,7 — a-1,2-mannosyltransferase; 8 — Dol-P-Man:
Man GlcNAc ,-PP-Dol mannosyltransferase; 9,11 — Dol-P-Man: Man 6(8)GICNACZ—PP—DOZ mannosyltrans-
ferase; 10 — Dol-P-Man: Man GlcNAc,PP-Dol mannosyltransferase; 12 — a-1,3-glucosyltransferase I; 13 —
o-1,3-glucosyltransferase II; 14 — a-1,2-glucosyltransferase; 15 — oligosaccharyltransferase; A — cytosolic
phosphorylated charged FOS; B — intralumenal phosphorylated charged FOS, C — phosphorylated charged
(1) and neutral (2) FOS from the same Dol-P-oligosaccharide intermediates; D — glucosylated neutral FOS

of free neutral oligosaccharides or were utilised in
protein glycosylation [18].

When the genes coding the proteins involved
in the dolichol cycle are defective and the cycle is
interrupted, hypoglycosylation of glycoproteins
leads to development of congenital disorders of gly-
cosylation type I (CDG I), rare multisystem genetic
diseases affected nearly all organs and tissues [19].
In these cases the concentration of truncated Dol-

ISSN 2409-4943. Ukr. Biochem. J., 2014, Vol. 86, N 6

P-oligosaccharides, substrates of limiting reactions
and corresponding free oligosaccharides increase
dramatically [20]. Investigations of Epstein-Barr
virus-transformed lymphoblasts derived from a
healthy subject and patients with different types of
CDG-I showed low levels of the FOS in normal cells
and elevated accumulation in CDG-derived cells. In
CDGe-Ig cells (with a mutation in the 1,2 mannosyl
transferase — EC 2.4.1.259, EC 2.4.1.261- adding the
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seventh mannose residue to oligosaccharide precur-
sor) negatively charged components increased 3 fold
with respect to the control. Interestingly, this study
revealed only the species with 7 and less mannose
residues among phosphorylated oligosaccharides.
Moreover, the analysis of ER luminal and cytosolic
phosphorylated FOS detected the appearance of spe-
cies with 7 mannose residues exclusively in the cyto-
sol. This finding prompted the proposal of an ER-to-
cytosol translocation way for Man, .GIcNAc,-P [11].

Phosphorylated oligosaccharides can be re-
leased from dolichol phosphate by the action of
pyrophosphatase (EC 3.6.1.44) at the cytosolic face
of the endoplasmic reticulum [18]. Removal of the
phosphate from the phosphorylated glycans converts
them into oligomannose structures with two GlcNAc
residues.

The formation of neutral free oligosaccharides
from dolichol pyrophosphate oligosaccharides was
shown in the beginning in pig liver [21], hen ovi-
duct [22] and calf thyroid microsomes [12]. The
oligosaccharides had the glucose-containing oli-
gomannose structure with two GlcNAc residues at
the reducing end — Glc,Man,GIcNAc,. The investi-
gations led to the idea that the oligosaccharyl trans-
ferase (EC 2.4.1.119) could carry out both the hydro-
lytic and transfer functions. The authors speculated
that when acceptor polypeptides were limiting, the
enzyme could transfer the mature glycan precursor
from the lipid carrier onto water molecules genera-
ting neutral FOS. For a long time no direct experi-
mental evidence supporting or rejecting the hypo-
thesis had been presented. Only recently [23], using
mutant strains of Saccharomyces cerevisiae, the
hydrolytic activity of the enzyme has been proved.
To great surprise it turned to be connected with the
presence of a hydrolytic active centre in addition to
the transferase centre rather than the acceptor limi-
tation. It means that the oligosaccharyl transferase
catalyses both reactions in-parallel. More truncated
glycans, Man,  GIcNAc,, were also found in the ER
lumen [24, 25]. The neutral free oligosaccharides
are translocated from ER into the cytosol. However,
their contribution to the dolichol cycle-derived FOS
as well as to the total pool of free neutral oligosac-
charides originating from the ER to the cytosol is not
significant, since the major source is from misfolded/
misassembled glycoproteins, the subjects of ERAD
[4, 26, 27].

Thus, in fact there are two cycles of dolichol
phosphate. The first gives rise to phosphorylated free

oligosaccharides with 2-7 mannose residues, the sec-
ond — to neutral free oligosaccharides with 7-9 man-
nose residues as well as glucosylated oligomannose
structures.

ER-associated protein degradation (ERAD)
releases glucosylated and non-glucosylated
oligomannose free oligosaccharides

Following transfer of the glycan from lipid-pre-
cursor to a nascent polypeptide, a-glycosidases I and
II (EC 3.2.1.106; EC 3.2.1.84) remove two glucose
residues and the oligomannose glycans with one glu-
cose residue connects to calnexin or calreticulin al-
lowing the glycoprotein to enter the calnexin/calreti-
culin cycle to be completely folded and assembled
with the help of the chaperone system BiP/GRP78
or Hsp70, BiP cochaperones (DnaJ/Hsp40 family
members — ERdj, ), protein disulphide isomerases
(PDI, ERp57, ERp59, ERp72, ERp44 — EC 5.3.4.1)
and some substrate-specific chaperones [28].
a-Glucosidase II (EC 3.2.1.84) cuts the last residue
of glucose and a correctly folded glycoprotein leaves
the cycle moving to the Golgi for further process-
ing. An aberrant glycoprotein can be retained for a
while in ER due to tandem actions of a-glycosidase
II (a-GII) and UDP-glucose:glycoprotein glucosyl-
transferase (UGGT, EC 3.6.5.3), which transfers one
glucose residue again to the glycan and allows the
glycoprotein to return to calnexin/calreticulin cycle,
or can be sent to the ER — associated degradation
due to action of ER a-mannosidase I (EC 3.2.1.113),
EDEM (EC 3.2.1.24; EC 3.2.1.113) or Golgi-resident
MANIBI (3.2.1.113), which remove one mannose
residue from Man GIcNAc, and forms B isomer of
Man,GleNAc, on the aberrant glycoprotein [29, 30]
or trim the glycans more extensively giving rise to
Man GlcNAc,, Man,GlcNAc, and Man,GlcNAc,
[31].

a-Glucosidase II is a unique enzyme with a
dual biochemical function. On the one hand, it pro-
vides transfer of glycoproteins to and from the cal-
nexin/calreticulin cycle, on the other hand, it can
send them further either to the Golgi or to the cyto-
sol for degradation. a-GII is a luminal glycoprotein
and consists of a catalytic a and a regulatory 3 subu-
nits. The latter is responsible for the endoplasmic
reticulum localization of the heterodimer and for the
enhancement of N-glycan trimming. It is not clear in
detail what forces GlcMan GIcNAc,, the product of
the first reaction of the enzyme, to leave the active
centre and move to calnexin or calreticulin. The rate
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of the first reaction, Glcal-3Glc cleavage, in the early
investigations seemed to be higher than that of the
second, Glcal-3Man hydrolysis. The later findings,
however, showed that the second reaction essentially
enhanced at the high protein concentrations that in
fact take place in ER. Nevertheless, a high competi-
tion with calnexin/calreticulin for the substrate and
strong suppression of the enzyme’s second reaction
by calreticulin have been revealed. The glucosidase
has a surprisingly wide range of substrates that in
addition to Glc,Man,GlcNAc, and GlcMan,GlcNAc,
includes GleManGIcNAc, and GlcMan GleNAc,.
The enzyme can be inhibited by its nonglucosylated
end products — Man,GlcNAc,, Man,GIcNAc, and
Man GleNAc,. The latter is the strongest inhibitor
and its effect can be even comparable with those of
such powerful inhibitors of glucosidases as castano-
spermine and deoxynojirimycin. By preventing the
formation of monoglucosylated glycoproteins the
end products are supposed to regulate the entry of
newly synthesized glycoproteins into the calnexin/
calreticulin cycle [32, 33].

Complex relationship of a-glucosidase II with
the calnexin/calreticulin cycle is supplemented by
no less dramatic interactions with UGGT. It is well
documented that UGGT is the folding sensor due to
combination of a chaperone and a glycosyltransferase
activities. UGGT reactivity is strongly connected
with exposed hydrophobic patches of misfolded gly-
coproteins on the advanced folding stages. Its gly-
can specificity appeared to be the highest towards
Man,GlcNAc,, but critically declined with reducing
of the mannose residues in the oligosaccharides on
the glycoproteins from 8 to 7 by 50 and 85%, re-
spectively. UGGT has a strong affinity for the core
of N-glycans - Man,GIcNAc, and cannot recognize
the oligosaccharides without core GlcNAc,. Only
the simultaneous recognition of a misfolded part of
a protein and an appropriate high-mannose struc-
ture of a glycan leads to conformational changes
of the enzyme and an addition of a glucose residue
to A arm of the oligosaccharide allowing aberrant
molecules to become the subjects of the calnexin/
calreticulin cycle again, but proper folded and/or as-
sembled glycoproteins to escape the UGGT activity
and proceed to their final destinations through the
second reaction of a-GII, a-mannosidase I activity
and the Golgi processing [33, 34].

Confocal immunofluorescence and high-resolu-
tion immunoelectron microscopy allowed specifica-
tion of intracellular localization of a-GII, calnexin/
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calreticulin and UGGT. They were found not only in
“the classical places of expectations®, the rough ER
including the nuclear envelope and the transitional
ER, but also in the smooth ER and in the pre-Golgi
intermediates. It means that quality control check-
points are not restricted to the rough ER, but exist
along the secretory pathways [35].

The next member of the quality control system,
a(1,2)-mannosidase (endomannosidase I, MANIBI),
catalyzes the removal of the terminal mannose resi-
due from the middle branch of Man ,GlcNAc, and
generates isomer B Man GIcNAc,, that is the signal
for ERAD. The localization of the enzyme in the pe-
ripheral and Golgi-associated pre-Golgi intermedi-
ates as well as cis and medial cisternae of the Golgi
apparatus extends the system of protection against
aberrant proteins at least up to the middle of the
Golgi. Golgi-resident endomannosidase provides a
backup mechanism for deglucosylation of glycopro-
teins escaping the ER [26, 27, 36, 37].

By this way the system of cell quality control
can discriminate between native and nonnative pro-
teins, leads to degrading of aberrant species through
ER-associated degradation and guarantees the high
fidelity of secreted and plasma membrane molecu-
lar structures [16, 38]. Until the cell can cope with
alterations, any aberrant glycoproteins will not ap-
pear in functional zones (on the surface of cell mem-
branes or outside the cell), though the products of
their degradation may have already existed. So there
must be a lag period between the first attempts to
synthesize aberrant glycoproteins in endoplasmic re-
ticulum and/or in Golgi apparatus and their embed-
ding into the plasma membrane or secretion outside
the cell. Therefore, some distinctive products of this
non-native glycoprotein degradation could testify the
beginning of a disorder much earlier than any cel-
lular or tissue dysfunctions will appear.

Misfolded N-glycoproteins, identified during
quality control analysis in the endoplasmic reticulum
[39], can be exported into the cytosol via a channel
containing Sec61 [40], the same complex that trans-
locates nascent polypeptide chains into the endo-
plasmic reticulum, or with the help of some different
proteins — Derlin family or ubiquitin protein ligases
E3 (EC 6.3.2.19) [41].

In cytosol oligosaccharides are removed from
glycoproteins by a cytosolic endoglucosaminidase
(EC 3.2.1.96) or peptide:N-glycanase (PNGase, EC
3.5.1.52) prior to proteolysis of the deglycosylated
protein by proteasomes 26S. An aberrant glyco-
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protein can be deglycosylated by an enzyme with
PNGase-like activity in the ER lumen and then
the free glycan and polypeptide are translocated
into cytosol [42, 2, 16, 27]. A neutral chitobiase
[43] or endo-B-N-acetylglucosaminidase (ENGase,
EC 3.2.1.96) [44, 45] removes one N-acetylglucosa-
mine residue from free oligosaccharides Man, Glc-
NAc,. The mannose residues are then cleaved by the
neutral cytosolic a-mannosidase (NAM, MAN2CI,
EC 3.2.1.24) to produce a specific limit digestion
product, the linier isomer Man GIcNAc¢ [46]. The
smaller glycans — Man, ,GlcNAc — were also found
in the cytosol [47].The final step in the cytosolic
pathway is the transport of the limit digestion oli-
gosaccharide into lysosomes by the ATP-dependent,
high-affinity oligosaccharide transporter [18, 3].

Aberrant glycoproteins can be a source of a
small amount of cytosolic glucosylated oligoman-
nose free glycans [48] that cannot be transported
into the lysosome [49] and secreted by the cell [3].

Some findings, such as the increasing rate of
ERAD when cytosolic a-mannosidase is overex-
pressed, for example, point at a high probability of
a feedback mechanism of ERAD regulation through
the cytosolic FOS degradation pathway [50].

Lysosomes can produce both neutral and
negatively charged free oligosaccharides

The mature glycoproteins containing high-
mannose, hybrid and complex glycans are turned
over in lysosomes [S1]. Other glycoconjugates
(glycolipids, proteoglycans and glycosylphosphati-
dylinositol anchors) share the same fate. They are
delivered to lysosomes either by endocytosis from
outside the cell or by autophagy within the cell [52]
and can give rise to free glycans different from the
oligomannose type.

The lysosomal pathways for N-linked glycopro-
teins breakdown (Fig. 2) are bidirectional with pro-
teolysis of polypeptide at one side and the sequential
release of monosaccharides by exoglycosidases from
the nonreducing glycan end [53].

Complete or extensive proteolysis takes place
before the N-linked glycan is released from the poly-
peptide. The next step in the breakdown of complex
or hybrid N-glycans is the removal of any fucose
residues, which is catalyzed by lysosomal a-L-
fucosidase (EC 3.2.1.51). Fucose can be linked by
al-6 bond to the core N-acetylglucosamine, al-2,
al-3, or al-4 bonds to N-acetylglucosamine or al-2
bond to galactose residues at the nonreducing ends

10

of the glycans [53]. The peripheral al-3 linked fucose
residues are removed before the core al-6 linked
residues [54]. Removal of fucose allows the hydroly-
sis of the asparagine-N-acetylglucosamine amide
linkage by glycosylasparaginase (EC 3.5.1.26). This
enzyme undergoes dimerization and autoactivation
by cleavage into two subunits in the Golgi [55].

Release of the N-acetylglucosamine resi-
due at the reducing end of the chitobiose core
can be achieved in two ways by either the B-N-
acetylglucosaminidase (EC 3.2.1.30) or the di-N-
acetyl-chitobiase (EC 3.2.1.52).

Some of the glycosidases — for example,
a-neuraminidase (EC 3.2.1.18), B-galactosidase
(EC 3.2.1.23), and N-acetyl-B-D-hexosaminidase
(EC 3.2.1.52) — can catalyze the same linkages in
other glycoconjugates, such as glycolipids or gly-
cosaminoglycans, whereas a-mannosidase and
B-mannosidase (EC 3.2.1.25) appear to be exclusive
to the glycoprotein [52].

N-glycans of lysosomal hydrolases have
mannose-6-phosphate modification, the lysosome
destination recognition marker, catalyzed by two
enzymes: UDP-N-acetylglucosamine-1-phospho-
transferase (EC 2.7.8.17) and N-acetylglucosa-
mine-1-phosphodiester a-N-acetylglucosaminidase
(EC 3.1.4.45). The first enzyme transfers GlcNAc-
1-phosphate to mannose residues on high mannose
glycans in the a-1,6 and/or a-1,3 branch of the oligo-
saccharide chains [56], the second one removes the
GlcNAc residues exposing Man-6-P group. That is
why the second enzyme is called “uncovering en-
zyme”. It is synthesized as an inactive proenzyme
and activated by endoprotease furin (EC 3.4.21.75)
in the trans-Golgi network where active “uncovering
enzyme” helps to deliver soluble hydrolases to the
endosomal/lysosomal compartment allowing their
binding to the Man-6-P receptors [57].

Not only lysosomal hydrolases but also seve-
ral nonlysosomal proteins have been shown to bear
mannose-6-phosphate residues. Among them there
are latent transforming growth factor Bl, leukemia
inhibitory factor, proliferin, renin precursor, and
T-cell activation antigen CD26. In this case the
modification can facilitate interactions of secreted
glycoproteins with plasma membrane receptors like
for latent transforming growth factor-p1 [58] or regu-
late extracellular secretion of proteins directing the
modified molecules to the lysosome degradation like
for leukaemia inhibitory factor [59]. So during the
degradation in lysosomes some glycans with man-
nose-6-phosphate residues can appear.
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Fig. 2. Degradation of complex N-glycoprotein and appearance of FOS in lysosome: Asn — asparagine;
NeuSAc — neuraminic acid ; Gal — galactose; GlcNac — N-acetylglucosamine; Man — mannose; Fuc — fu-

cose; 1 — proteases; 2,3 — o-fucosidase; 4 — aspartyl-N-acetyl-p-D-glucosaminidase; 5 —

endo-f-N-

acetylglucosaminidase; 6,7 — sialidase; 8,9 — [-galactosidase; 10,11 — p-N-acetylhexosaminidase; 12,13 —

o-mannosidase; 14 — f-mannosidase

Given GIcNAc-1-phosphotransferase is locali-
zed earlier within the Golgi than Golgi mannosidase
1[60] and that the latter can direct the glycoproteins
escaped ER quality control from the Golgi to ER to
ERAD [26, 27], among ERAD-generated FOS there
might be free glycans with GlcNAc-1-P-6-Man
structures.

Extracellular free oligosaccharides

Free oligosaccharides have been investigated
mostly in cultured cells. The information about their
existence in culture medium is very poor. Even less
is known about their presence and distribution in
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tissues and biological fluids with the exceptions for
urine and milk.

For a long time the idea about FOS com-
plete degradation inside the cell in norm and their
appearance in urine only under disease conditions
prevailed and was based on the early investigations
of urinary excretions of the degradation products in
the cases of so called oligosaccharidoses or lysoso-
mal storage disorders with thin-layer chromatogra-
phy [61, 62].

The development of more sensitive analyti-
cal procedures (high performance liquid chro-
matography and mass-spectrometry) allowed de-

11
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tecting the bulk of urine free oligosaccharides
and revealing unique patterns for glycoproteina-
ses (a-mannosidosis, sialidosis, galactosialidosis,
a-fucosidosis, aspartylglucosaminuria), glycolipi-
doses (GM1 and GM2 gangliosidosis, Gaucher
disease, Sandhoff disease mucolipidosis type II/111)
and glycogen storage disorders (Pompe diseases)
[4, 63, 64]. For example, the excess excretion of one-,
two- and three-antennary high mannose-type N-gly-
cans is a defining attribute of a-mannosidosis, but
the two-, three- and four-antennary complex-type
sugar chains with polylactosamine structures at non-
reducing termini are specific for GM1-gangliosidosis
[65]. The only N-acetylglucosamine residue at the
reducing end of these FOS points at their cytosolic
origin.

The first evidences of FOS presence in cell me-
dium were obtained on human hepatocellular carci-
noma HepG2 cells only after inhibition of lysosomal
degradation of FOS and glycoproteins with a spe-
cific inhibitor concanamycin A that blocks lysoso-
mal acidification through selective inhibition of the
V-type ATPase [66].

Inhibition of FOS translocation from ER to cy-
tosol leads to FOS moving into the cell medium by
the classical secretion pathway through the Golgi. In
this case the FOS have two residues of GIcNAc and
may convert into complex and sialic acid-containing
types due to processing in the Golgi [67].

Recently more detailed investigations of the
HepG?2 cell line after treatment with concanamy-
cin A [68] revealed that about 7% of total intra-
cellular FOS flowed from the treated cells into the
medium by a way different from the classical se-
cretion pathway through the Golgi. Without such a
treatment only trace amounts of these components
were detected in the culture medium. A compari-
son of FOS structures in different compartments of
the cell with extracellular free glycans showed that
all of them were of oligomannose type and about
90% of medium FOS were the components less than
Man GlcNAc. In the membrane bound compart-
ments (intact lysosomes, Golgi apparatus, and ER)
these structures comprise about 83%, in cytosol —
about 70%. The authors have come to the conclusion
that either FOS are degraded in the medium or the
secretion is selective towards smaller components
and that concanamycin A courses the perturbations
in lysosomal/endosomal transport allowing the con-
tent of lysosomes to be secreted without the cell
damage. So the authors consider the medium FOS
as products of lysosomes.
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Although the statement that these cellular orga-
nelles are the exclusive origin of the medium FOS is
in contradiction with the results of other studies, but
the idea about the perturbations of lysosomes and
their partial contribution to the extracellular pool
of FOS through the cytosol is supported by diverse
experimental evidence. Dramatic alteration of lyso-
some membrane permeabilization, its contribution
to relocation of lysosomal content into the cytosol
were revealed during the studies of lysosome visua-
lization, its injury by various agents, processes of
apoptosis and intracellular distribution of lysosomal
enzymes in response to various stimuli [69, 70].

Indirect evidence of the lysosomal membrane
permeability for oligosaccharides was the discovery
of a disialobiantennary structure among free oligo-
saccharides glycans in a cytosolic fraction of mouse
liver. The lysosome could be the only source of gly-
cans with such a structure [47].

Targeted studies of the membrane permeabili-
ty using FITC-labelled dextrans in activated human
T-lymphocytes revealed size-dependant penetration
of the substance to the cytosol in control cells and
its substantial changing in the cells in the early stage
of apoptosis caused by staurosporine. In the control
FITC-labelled 10 kDa dextrans were found in the cy-
tosol of 9% of the cells. The dextrans of 40, 70 and
250 kDa penetrated the membrane in 3-4% of the
cells. Under exposition of staurosporine the 10, 40
and 70 kDa molecules were relocated to the cytosol
in 62, 41, and 6% of the cells, respectively. The dex-
trans of 250 kDa did not change their location [71].

Investigations of intracellular FOS in a bank
of cancer-derived cell lines revealed a striking dif-
ference in quantity and structures of cytosolic FOS
among the cells. In the cytosol of stomach cancer
MKN7 and MKN45 cells unusually large amount
of mono-, di-, tri- and tetra-sialoglycans — 94-
96% of the total free oligosaccharides were found.
Biochemical analysis defined their structures,
showed that NeuAca2-6GalB1-4GlcNAcf1-2Manal-
3Manp1-4GIcNAc was the most abundant of them.
In addition to the sialoglycans, bisecting GlcNAc,
a sialo-biantennary and fucose-containing struc-
tures, all of which cannot be derived from ERAD
or dolichol-phosphate pathways, were detected. Co-
localization of lysosomal enzymes in the same cy-
tosolic fractions indicated that FOS were from lyso-
somes, the membranes of which were leaking. The
researchers came to the conclusion that the cytosolic
N-glycans may serve as specific biomarkers for diag-
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nosis of specific tumours [72]. So, lysosome-derived
cytosolic FOS might represent changes in the orga-
nelle integrity.

Intensive improvement of the protocols for
analysis, using ion-exchange chromatography fol-
lowed by fluorescent labelling with 2-AA (2-ami-
nobenzoic acid), purification by lectin-affinity
chromatography before separation of 2-A A-labelled
FOS by HPLC, combination of enzyme digests
with MALDI-TOF MS and concentration of 2-AA-
labelled FOS on different stages of investigations,
showed the parallels of ERAD-derived FOS beha-
viour in cultured cells, murine and human tissues.
A treatment of mice with the imino sugar N-butyl-
deoxynojirimycin, an inhibitor of a-glucosidases I
and II that was used in substrate reduction thera-
py for Gaucher type I, Niemann—Pick type C and
Sandhoff diseases (miglustat, Zavesca®), showed a
dose-dependent increase of FOS concentrations and
radical changes of HPLC-profiles in all tissues and
fluids. [4].

An addition of hydrophilic interaction and
anion-exchange HPLC, affinity chromatography
with a series of lectins to normal-phase HPLC has
expanded potentialities of the methods and allowed
the screening of polygenic diseases — hepatocellular
carcinoma and colorectal cancer [6]. A purposeful
study of human plasma FOS revealed their presence
both in normal and pathological conditions (blood
oncotransformation and cardiovascular diseases).
They were represented by uncharged oligomannose
and negatively charged species. The first group com-
prised the glucosylated or non-glucosylated compo-
nents Man, ,GlcNAc , with domination of species
Man4_5GlcNAc(2). The second group consisted of
sialic acid-containing types as well as the species
with the negative charge based on some different
acid residues. Plasma FOS of healthy volunteers pos-
sessed featured reproducible profiles. Pathological
processes changed either mostly the first group pro-
files (cardiovascular diseases) or the second (chronic
blood cancer) or both (acute blood cancer) [73, 74].

Investigations of free oligosaccharides in bio-
logical fluids are on the earliest stage of develop-
ment. The inherent complexity of oligosaccharides
and the existence of various linkage isoforms make
the decoding of oligosaccharide structures, repre-
senting each species in FOS profiles, the most chal-
lengeable task. An analysis of extracellular FOS in
different groups of healthy people could help to un-
derstand dependence of FOS profile changes on ag-
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ing and genetics. FOS comparison in a wide range of
illnesses would favour the selection of more specific
or even unique biomarkers in each case and guaran-
tee high fidelity of prediction.

Extracellular free oligosaccharides reflecting
metabolic status, health alterations and treatment
responses of the patients might be promising mole-
cules in the search for new biomarkers of diseases
and therapeutic monitoring. Detailed investigations
of these oligosaccharides can suitably enrich the
family of glycoconjugates studied intensively for the
same purposes by opening an absolutely new per-
spective of early prediction of misglycosylation. Due
to the system of cell quality control there must be a
lag period between the first attempts to synthesize
aberrant glycoproteins in endoplasmic reticulum
and/or in Golgi apparatus and their embedding into
the plasma membrane or secretion outside of the cell.
It is among these molecules must be really the earli-
est biomarkers so eagerly needed for timely detec-
tion and successful treatment of numerous diseases.
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CTPYKTYPHHX aHaJlOTiB  BYIJIEBOJHOI  YacTH-
HU TJIIKOKOH’FOraToB a00 Tak 3BaHUX BUIBHUX
ojirocaxapuiB.  YcepeAMHiI  KJIITHHH  ICHY€
JICK1JIbKa X jpkeper: 1) 0araTocTyneHEeBHH MUIAX
N-riiko3uiitoBaHHs, 2) MEXaHi3MU KOHTPOIItO (osi-
JIMHTY TIpOTEiHiB 1 acoriioBana 3 EITP merpanamis
HEMpaBWJIBHO TJIIKO3WJIBOBAaHUX Ta/abo Hempa-
BUJIBHO 3rOPHYTHUX TIIKONPOTEIHIB, 3) Aerpanamis
3piaNX TIIKOKOH'IOTaTiB y Ji3docoMax. B ormsiai
MiJICYMOBY€ETBCS BijioMa iH(GOpMAILis IOJI0 ILJISXIB
MOSIBM BUIBHUX OJIITOCaxXapuaiB y pI3HUX KOM-
NapTMEHTax KIITHHU 1 JeTalli IXHbOI CTPyKTypHu
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CTPYKTYpE U M3MEHEHMSIX PU HOPMAJbHBIX U Ta-
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Hasl Jerpajaius, mjia3mMa KpoBHt, Moya.
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