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Abstract

The structure and properties of a group of gangliosides modified by mild alkaline treatment are discussed. We will present the
occurrence and the structure of gangliosides carrying the N-acetyneuraminic acid O-acetylated in position 9, the Neu5,9Ac,, and of
gangliosides carrying a sialic acid that forms a lactone ring. Starting from biochemical data we will discuss the possible biochemical
role played by these gangliosides in the processes of cell signaling and maintenance of brain functions.

Introduction

Glycosphingolipids are a family comprising many structures differing in both the sugar content of the oligosaccharide chain and in the
ceramide structure. Inside the glycosphingolipid family, gangliosides are characterized for containing one to six sialic acid units. The name
“sialic acid” derives from the Greek word ciaAov (sialon), saliva, that was found to contain it [ 1 ]. Sialic acid is a trivial name of all the
derivatives of neuraminic acid, the 5-amino-3,5-dideoxy-D-glycero-D-galacto-non-2-ulopyranosonic acid. Sialic acid has been found in
nature in many structures, but three are the most abundant, the N-acetyl-neuraminic acid, NeuSAc, the N-glycolyl-neuraminic acid, Neu5Gc
and the N-acetyl-9-O-acetyl-neuraminic acid, Neu5,9Ac,. Neu5Gc is not expressed in healthy humans. Sialic acid is a component of both

glycoproteins and gangliosides, but only in the early 1950s, knowledge on gangliosides began to expand [ 2 ].

Gangliosides release sialic acid by acid pH. In contrast, ganglioside glycoside linkages are stable when treated with alkaline solutions.
Nevertheless, analyzing the brain ganglioside composition of different species of mice by TLC, it was observed that some gangliosides
disappeared using ammonia containing solvent systems [ 3 ]. N-acetyl-9-O-acetyl neuraminic acid, Neu5,9Ac,, is O-deacetylated under
alkaline conditions and such a sialic acid was released from brain gangliosides by mild acid hydrolysis [ 4 ]. In-depth structural studies
performed in collaboration with Roland Schauer (Christian-Albrechts-Universitit, Kiel, West Germany) allowed to establish that mouse
brain contains a GT1b with the external sialic acid of the disialosyl chain, O-acetylated at position 9 [ 5 ]. In the following years other O-
acetylated gangliosides, including O-acetylated-GD1a and O-acetylated-GM3 in erythrocytes, O-acetylated-GQ1b in mouse brain and O-
acetylated-GD3 in fetal rat brain and human melanoma, were characterized [ 6,7, 8 ].

More complex was the identification of ganglioside lactones. The occurrence of ganglioside lactones was proposed in the past on the basis
of ganglioside chemical properties, but they were not identified [ 9 ]. Studies on the existence of ganglioside lactones in nature was difficult

due spontaneous ganglioside lactonization under precise mild acidic conditions. Nevertheless, data suggesting a relationship between




human age and brain content of GD1b-lactone were in favor of this [ 10 ]. GD1b-lactone was also found in pig, rabbit, rat, mouse, and

pigeon [ 10 ]. GM3-lactone was shown to occur in mullet milt [ 11 ] and GD2-lactone in neuroblastoma and glioma [ 12 ].

Then entering into the third millennium, papers reporting on alkali-labile gangliosides rapidly faded, probably due to difficulties to move
from chemical to biochemical studies aimed to understand the role played by sialic acid O-acetylation and lactonization in determining
specific aspects of cell biology.

TLC identification of alkali-labile gangliosides

High-performance thin-layer chromatography (HPTLC) of gangliosides is a simple and low-costing procedure for the analysis of the
ganglioside patterns. Thin-layer chromatography (TLC) plates and solvent systems are available for high resolution of the ganglioside
patterns. The procedure does not allow the determination of the structure of the ganglioside but reference standards allow to speculate on
structure and quantity. When the gangliosides are recognized by overlay with specific proteins, monoclonal antibodies or toxins, the
structural characterization can be confirmed with almost absolute certainty. Thus the TLC of gangliosides can be the starting procedure to
obtain information on the ganglioside pattern before undergoing mass spectrometry analyses. This latter analysis remains the most suitable
system for ganglioside structural characterization.

In addition to this, TLC performed under specific conditions gives information on the presence of alkali labile gangliosides, both O-
acetylated gangliosides and lactones. The procedure is applied to a non-previously alkali-treated ganglioside mixture and consists of a two-
dimensional TLC on HPTLC silica gel plates, performed with the same non-alkaline solvent system for both runs. Prior to the second run
the plate is exposed at room temperature for 5 h to ammonia vapors in order to split alkali-labile linkages. The vapors of ammonia release
the O-acetyl groups from sialic acid yielding the alkali-stable parent ganglioside. Ammonia vapors work also on ganglioside lactones, but
in this case two compounds are formed: the ganglioside amide and in lesser amounts the de-lactonized parent ganglioside. A solvent system
like chloroform/methanol/0.2% aqueous CaCl,, 50/40/10 by vol., used for both runs of HPTLC, is capable of separating the majority of
gangliosides [ 13 ] component of a complex mixture. The ratio among the three solvents can be modified to improve the ganglioside
separation in the case of partial overlapping of gangliosides. At the end of chromatographic analysis, i.e. following the second HPTLC run,
all the alkali-stable gangliosides appear lined along a diagonal starting from the origin; the spots corresponding to alkali-labile gangliosides
lie outside of the diagonal and can be individually detected and quantified on the basis of their sialic acid content.

Gangliosides are particularly abundant in the nervous system and the content of alkali-labile compounds in the brain of several animal

species has been determined. It varies from a few % to over 90%. Figure 1 shows a few examples of two-dimensional HPTLC of brain

ganglioside mixture for the analysis of alkali-labile gangliosides and Fig. 2 compares the brain alkali-labile ganglioside content in several

species. Two, three or more alkali-labile forms of a single core ganglioside were recognized. We have no information on the structure of
these alkali-labile gangliosides. We can hypothesize multiple O-acetylation of a single core ganglioside.

Fig. 1

Two dimensional HPTLC of ganglioside mixture from brain bass fish, spinal cord dormouse, brain lamprey and cultured rat granule cells.
Gangliosides were separated using chloroform/methanol/0.2% aqueous CaCl,, for both runs. Before the second run the plate was exposed to
ammonia vapors for 5 h. Gangliosides were revealed using the paradimethylaminobenzaldehyde reagent. Different ratios of solvents were used
to optimize ganglioside separation and Rf spots among the plates are not comparable. Polysialylated gangliosides with several acetylated sialic
acids are aligned horizontally. The vertical alignment of some bands, with the higher one more intense, suggests the presence of lactones.
Tissues were removed from the animals immediately after death and gangliosides rapidly extracted and analyzed. The HPTL is representative
of a pool of animal tissues. The lamprey brain ganglioside mixture was unexpectedly comprising over 90% of alkali-labile gangliosides. Only
one main spot was stable under ammonia vapors. The Rf of this spot overlaps with that of GD1a ganglioside
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Fig. 2

Alkali-labile ganglioside in the total brain of different species. Data are as % of sialic acid linked to alkali-labile gangliosides on the total
ganglioside content. A detailed study on species grown up under different conditions has not been carried out. Values are indicative and for

each species can vary due to subspecies, breeding conditions, environmental conditions, age and sex (data not shown and [ 8 ])
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The brains of fresh-water lamprey, reported in Fig. 2, were incredibly rich in alkali-labile gangliosides. The compound in only one main

spot was stable under ammonia vapors. The Rf of this spot was overlapping with that of GD1a ganglioside.

Gangliosides containing 9-0-acetyl-N-acetyl-neuraminic acid,
Neu5,9Ac,

Sialic acid O-acetyl-transferase was reported to occur as a soluble cytosolic enzyme recognizing free sialic acid. It also occurs as a
membrane enzyme acting on CMP-sialic acid [ 14 ]. No information is available on the kinetic properties of the enzymes for glycoproteins
and gangliosides. More recent studies refer to a sole Golgi membrane enzyme and to the activity of acetyl-CoA acetyl transferase on
sialoglycoconjugates [ 15 ]. The O-acetyltransferase transfers the acetyl group from acetyl-CoA to position 4, 7, 8 or 9 of sialic acid, both
NeuSAc and Neu5Gce. The acetyl group spontaneously shifts to position 9 from position 7 and 8, but not from position 4. The Golgi enzyme
is a multi-membrane spanning protein showing high substrate specificity for CMP-sialic acid, suggesting that O-acetylation mainly occurs
prior to the transfer of sialic acid by sialyltransferase. It is not clear if a family of enzymes exists, each enzyme being specific for the
position of the sialic acid lateral chain, or if there is a single enzyme with broad position specificity. The enzyme activity is opposite to that
of sialic acid esterase that removes O-acetyl groups from sialic acid. Thus, the final sialic acid structure is determined by a balance between
the acetyl-transferase and the acetyl-esterase activities.

The first precise information on Neu5,9Ac, containing gangliosides goes back to 1977 [4 ]. Sialic acid was released under mild acid

condition as well as by enzymatic treatment with sialidase from the total ganglioside mixture extracted from man, cow, horse, pig, sheep,
cat, rabbit, rat, chicken and codfish, followed by mass spectrometry analyses. All the species contained Neu5,9Ac, from a few % to up 20%

of the total sialic acid content. The largest content of Neu5,9Ac, was found in fish brains. In the following year [ 6 ] a ganglioside spot in

the total ganglioside mixture from the brains of myelin-deficient mutant quaking mice was described to be alkali-labile. The ganglioside
corresponding to the spot was isolated by a series of silica gel column chromatography and the final purified ganglioside was submitted to
full characterization resulting a GT1b with Neu5,9Ac, external to the disialosyl chain. This ganglioside according to official nomenclature

is named IV3Neu5Ac-H3[(NeuS,9Acz-(2—8)-NeuSAc)]-Gg4Cer and its structure is reported in Fig. 3.
Fig. 3
Structural representation of some alkali-labile gangliosides
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A few years later other O-acetylated gangliosides were characterized, such as the O-acetylated-GQ1b IV3(Ne:u5Ac)2-II3 [(Neu5,9Ac,-(2-8)-
Neu5Ac)]-Gg,Cer [ 6 ], the O-acetylated-GD1a IV3Neu5,9Ac2-H3Neu5Ac-Gg4Cer [Z1], the O-acetylated-GD3, H3[(Neu5,9Acz-(2—8)-
NeuSAc)]-LacCer [ 8 ] the O-acetylated-GD?2, 113[(NeuS,9Ac2-(2—8)-Neu5Ac)]-Gg3Cer [ 16 ] and the O-acetylated-GM3 113Neu5,9Ac2-

LacCer [ 11 ] (see Fig. 3 for some structures).

In spite of the progressive information on the presence of O-acetylated gangliosides in many mammalian species, and on their abundance in
the brain of fish and other species, the information on the natural meaning of these alkali-labile compounds displaying higher
hydrophobicity with respect to their parent gangliosides remains obscure. The main information on the biochemical properties of
gangliosides containing O-acetylated-sialic acid is their partial resistance to sialidase activity. This could be important if we consider that
O-acetylated-gangliosides seem to be associated with neuronal development, functions, and proliferation processes.

A specific role of O-acetylated gangliosides in nervous system functions is suggested by studies on normothermic and hibernating dormice.
The brain of adult active dormice (Glis glis), maintained at 22 °C, is rich in O-acetylated gangliosides. They are components of olfactory
bulb, forebrain cortex, midbrain, cerebellum, brain stem, pons and spinal cord, from a minimum of 10.2% in olfactory bulb, to a maximum
0f 30.1% in spinal cord, values mainly due to O-acetylated-GT1b and O-acetylated-GQ1b in all regions. These gangliosides disappeared in
the main regions of the brains of hibernating animals (maintained at 6 °C), being only present in scant amount in brain stem and olfactory

bulb [ 17 ]. This suggests a specific role of O-acetylated gangliosides in maintaining and regulating neuronal functions.

This seems confirmed by the behavior of rabbit brain O-acetylated-GT1b and O-acetylated-GQ1b that, particularly in cerebellum,
progressively increased as single gangliosides and as % of total alkali-stable compounds, from birth to 6 months of post-natal life [ 18 ].

O-acetylated-GD3 was found in both normal and tumor tissues. In the rat nervous system, the O-acetylated-GD3 is present in discrete
quantity during the latter part of embryonic development and the early postnatal period [ 19 ]. It has been proposed that O-acetylated-GD3
has a specific role as anti-apoptotic ganglioside, a role opposite to that of the apoptotic GD3 [ 20 ]. During the early stages of human
development, O-acetylated GD3 is present in different tissues. In contrast, in erythropoiesis its level is decreased during maturation in the
erythroid progenitor cells in the bone marrow. Enhanced presence of O-acetylated-GD3 has been reported in many cancer tissues, such as
in breast cancer, basalioma, tumors of neuroectodermal origin, childhood lymphoblastic leukemia (ALL), and glioblastoma [ 21 ]. In some
patients only metastatic lesions expressed the O-acetylated-GD3 whereas the primary tumor expressed exclusively the non-O-acetylated

ganglioside [ 22 ].

Ganglioside lactones

On the basis of ganglioside chemical properties, the existence of ganglioside lactones was proposed in the 60s [ 9 | and suggested later to
occur in the ganglioside mixture from bovine adrenal glands [ 23 ]. These lactones have been proposed to occur in the ganglioside mixture
from rodent brains following sodium borohydride reduction [ 24 ]. Finally, in 1987 a ganglioside lactone was isolated from human brains
and was identified by structural characterization as the monolactone derivative of GD1b, with the inner ester within the disialosyl chain and
the external carboxyl group and the hydroxyl group at position 9 of the lateral chain of the internal residue. The ganglioside was named
GD1b-lactone and according to the official nomenclature has the structure 113[(Neu5Ac-(2—8,1—9)-Neu5Ac)]-Gg4Cer, shown in Fig. 4.

Fig. 4
Structure of ganglioside GD1b-lactone isolated from human brain
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The pKa of sialic acid is 2.2-2.5 and gangliosides present negative charges at the cell surface. This allows to attract positive ions and water
and to give ionic linkages with neighboring molecules. This may be responsible for the multiple functions played by gangliosides to

modulate membrane receptor activity and cell signaling [ 25 ].

Two processes can be involved to modify the ganglioside membrane electronegativity. One process is catalyzed by the two membrane
enzymes sialyltransferase [ 26 ] and sialidase Neu3 [ 27 ] that control the number of sialic acid residues. The second process involves the
formation of inner ester linkage between the sialic acid carboxyl group and one of the hydroxyl groups in the same ganglioside molecule,
yielding a ganglioside lactone. This latter process, in addition to rendering the oligosaccharide chain less negative, it makes the ganglioside
resistant to sialidase, preventing the removal of sialic acid [ 28 ]. In addition to this, NMR and dynamics studies on GD1b and GD1b-
lactone showed deep conformational differences between the two molecules. In GD1b, the tetrasaccharide GaINAc-[NeuSAc-Neu5Ac-]Gal
has a circular arrangement leaving a highly hydrophobic region with several hydrogens pointing towards the center. The external Neu5Ac
is close to the external Gal residue, and with its carboxyl group within Van der Waals contact with the OH group at position 9 of the lateral
chain of the inner Neu5Ac. The Gal-GalNAc glycosidic linkage shows a high degree of freedom. In GD1b-lactone, the trisaccharide
GalNAc-[Neu5Ac-]Gal forms a rigid, circular arrangement showing strong inter-residue contacts between proton 8 of inner Neu5SAc and
both protons 1 and 5 of GalNAc. The lactonization of the disialosyl residue induces a strong variation of the preexisting torsional
glycosidic angles ¢ and o, leaving the external NeuSAc far from the external Gal [ 29 ]. Thus, the interaction between gangliosides and

proteins can be dramatically modified, due to dramatic changes of the ganglioside three-dimensional structure by the lactonization process.

GDlb-lactone can be formed by a specific enzyme or under mild acid pH from the parent ganglioside GD1b. GD1b was transformed into
its lactone when added to cultured cerebellar granule cells that naturally have GD1b-lactone in their pattern, while cultured astrocytes, that
do not have GD1b-lactone in their pattern, did not transform GD1b [ 30 ]. GD1b was also injected into the rat brain and the production of
GD1b-lactone resulted to be time dependent [ 28 ]. These results together with the information on the increase of the brain GD1b-lactone
along the human aging process [ 10 | would suggest that the lactonization of GD1b is possibly governed by a specific enzyme. But at the
same time, it seems that a specific acidic pH could also be responsible for the process. The ester formation requires the presence of protons.
The lactonization of GD1b was studied at a ganglioside concentration between 1 uM and 1 mM in 1 uM —3 mM HCI. Lactonization
occurred very rapidly during the first hour and then proceeded slowly. The maximum rate of the lactonization reaction was achieved with
H'-GDI1b ratio < 1. The rate then decreased exponentially. At equilibrium, the ratio between GD1b and its lactone is 3:7. Similar
experiments carried out on GM1 and GD1a did not allow to obtain the parent lactones, suggesting that the process of lactonization occurs

primarily on the disialosyl chain [ 31 ].

Gangliosides are membrane components that are stably inserted into the outer layer. At the cell surface the pH is around 7 but we must
recall that some specific proton pumps are associated with the same ganglioside microdomain in the brain [ 32 ]. These pumps are under
control of kinases by phosphorylation and rapidly modify the pH in the ganglioside microenvironment by exchanging the external Na* with
the cytosolic H*. This is enough to modify the GD1b/GD1b-lactone equilibrium in favor of GD1b-lactone. On the other hand, GD1b is an
activator of the phosphorylation process while GD1b-lactone is not [ 33 ]. Thus, the lactonization would block the acidification process, so
that the Na' returns to the outside of the cell and converts GD1b-lactone to GD1b. Figure 5 reports a cartoon of the above described

possible process.

Fig. 5

Proposed process involving the GD1b«>GD1b-lactone equilibrium for modulation of membrane kinase activity. GD1b-lactone formation is
due to the acidic plasma membrane microenvironment. The catalytic protons are generated by the Na*/H" pump located at the cell surface and
activated through the action of protein kinase C (PKC). The local acidic microenvironment is directly responsible for lactone formation
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Conclusion

The first information on the brain lipids goes back to the end of the nineteenth century thanks to the studies of J.L.W. Thudichum [ 34 ]. He
introduced the word “ganglioside” for compounds present in human ganglions. To isolate and characterize gangliosides it was necessary to

wait for more than an additional half of a century [35,36,37 ].

Gangliosides are components of all mammalian cells, being particularly abundant in the nervous system. Many ganglioside structures have
been characterized and although it cannot be ruled out that very minor gangliosides are still to be isolated and characterized, it can be said
that the large majority of cell patterns are known. Therefore, the main interest of scientists moved from ganglioside chemistry to
ganglioside biochemistry. The information on the specific role played by gangliosides in modulating cell physiology is rapidly growing and

the involvement of gangliosides in controlling the cell signaling processes is in many cases well understood [ 38,39, 40 ]. Much is due to

the interaction between the ganglioside and the extracellular portion of membrane proteins. The structure of the ganglioside
oligosaccharide chain is the ganglioside portion that drives the interaction process. O-acetylation«<>de-O-acetylation of sialic acid and
ganglioside lactonization«>de-lactonization could be two processes developed by evolution to better regulate some aspects of the cell
physiology. Investments on these two processes are necessary to understand their specific role. The particular complexity of this research
represents interesting and challenging studies for scientists.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

Funding

Open access funding provided by Universita degli Studi di Milano within the CRUI-CARE Agreement.

References

1. Zipkin, 1., Mergenhagen, S.E., Kass, R.: The sialic acid content of human saliva. Biochem. Biophys. Res. Commun. 4, 76—78 (1961)
2. Klenk, E.: Contribution to the concept of ganglioside. Hoppe Seylers Z Physiol Chem. 288, 216-220 (1951)

3. Baumann, N., Sonnino, S., Ghidoni, R., Harpin, M.-L., Tettamanti, G.: Etude des gangliosides chez les Souris normales (C57 B1/6J) et
quaking. Presence et caractérization d’un ganglioside labile en milieu alcalin. C.R.Acad.Sci.Paris. 286, 1807-1810 (1978)

4. Haverkamp, J., Veh, R.W., Sander, M., Schauer, R., Kamerling, J.P., Vliegenthart, J.F.G.: Hoppe-Seyler’s 2. Physiol. Chem. ; 358: 1609
-1612 (1977)

()]

. Ghidoni, R., Sonnino, S., Tettamanti, G., Baumann, N., Reuter G. and, Schauer, R.: Isolation and characterization of a trisialogangliosi
de from mouse brain, containing 9-O-acetyl-N-acetylneuraminic acid. J. Biol. Chem. 255, 6990-6995 (1980)

6. Chigorno, V., Sonnino, S., Ghidoni, R., Tettamanti, G.: Isolation and characterization of a tetrasialoganglioside from mouse brain, cont
aining 9-O-acetyl-N-acetylneuraminic acid. Neurochem Int. 4, 531-539 (1982)

7. Gowda, D.C., Reuter, G., Shukla, A.K., Schauer, R.: Identification of a disialoganglioside (GD1a) containing terminal N-acetyl-9-O-ac
etylneuraminic acid in rat erythrocytes. Hoppe Seylers Z Physiol Chem. 365, 1247-1253 (1984)

8. Cheresh, D.A., Varki, A.P., Varki, N.M., Stallcup, W.B., Levine, J.: Reisfeld RA A monoclonal antibody recognizes an O-acylated sialic
acid in a human melanoma-associated ganglioside. J. Biol. Chem. 259, 7453-7459 (1984)

9. Wiegandt, H.: Gangliosides. Ergeb. Physiol. 57, 190-222 (1966)

10. Riboni, L., Sonnino, S., Acquotti, D., Malesci, A., Ghidoni, R., Egge, H., Mingrino, S., Tettamanti, G.: Natural occurrence of ganglios
ide lactones. Isolation and characterization of GD1b inner ester from adult human brain. J. Biol. Chem. 261, 8514-8519 (1986)

11. Zhu, J., Li, Y.T., Li, S.C., Cole, R.B.: Structural characterization of gangliosides isolated from mullet milt using electrospray ionizatio
n-tandem mass spectrometry. Glycobiology. 9, 985-993 (1999)

12. Bosslet, K., Mennel, H.D., Rodden, F., Bauer, B.L., Wagner, F., Altmannsberger, A., Sedlacek, H.H.: Wiegandt H monoclonal antibodi

es against epitopes on ganglioside GD2 and its lactones. Markers for gliomas and neuroblastomas. Cancer Immunol. Immunother. 29,
171-178 (1989)




16.

. Sonnino, S., Ghidoni, R., Chigorno, V., Masserini, M., Tettamanti, G.: Recognition by two- dimensional thin layer chromatography an

d densitometric quantification of alkali labile gangliosides from the brain of different animals. Anal. Biochem. 128, 104-114 (1983)

. Schauer, R.: Sialic acids. Chemistry, metabolism and function. Cell Biology Monographs, 1982 Cell Biol. Vol 10. Wien:Springer

. Visser, E.A., Moons, S.J., Timmermans, S.B.P.E., de JongH: BoltjeTJ, Biill C sialic acid O-acetylation: from biosynthesis to roles in h

ealth and disease. J. Biol. Chem. 297, 100906 (2021)

Desselle, -N.A.-R.N., Cochonneau, A., Chaumette, D., Clemenceau, T., Leprieur, B., Bougras, S., Supiot, G., Mussini, S., Barbet, J.-
M., Saba, J., Paris, J., Aubry, F.: Birklé S a monoclonal antibody to O-Acetyl-GD2 Ganglioside and not to GD2 shows potent Anti-Tu
mor activity without Peripheral Nervous System Cross-Reactivity. PLoS One. 6, €25220 (2011)

. Sonnino, S., Ghidoni, R., Malesci, A., Tettamanti, G., Marx, J., Hilbig, R., Rahmann, H.: Nervous system ganglioside composition of

normothermic and hibernating dormice (glis glis). Neurochem Int. 6, 677-683 (1984)

. Chigorno, V., .Sonnino, S., Ghidoni, R., Toffano, G., Venerando, B., Tettamanti, G.: Changes in rabbit cerebrum and cerebellum gangl

iosides during postnatal life. A study especially referring to alkali labile gangliosides.Neurochem Int, ; 6;191-197. (1984)

. Blum, A.S., Barnstable, C.J.: Proc. Natl. Acad. Sci. USA. 84, 8716 (1987)

. Mather, R.L., Loveson, K.F., Fillmore, H.L.: Human sialic acid O-acetyl esterase (SIAE) - mediated changes in sensitivity to etoposid

e in a medulloblastoma cell line. Sci. Rep. 9, 8609 (2019)

. Mandal, C., Schwartz-Albiez, R., Vlasak, R.: Functions and Biosynthesis of O-Acetylated Sialic Acids Top Curr Chem; 366:1-30. (20

15)

. Ravindranath, M.H., Muthugounder, S., Presser, N.: Melanoma Res. 18, 47 (2008)

. Evans, J.E.: McCluer RH Synthesis and characterization of sialosyllactosylceramide inner ester Fed Proc ; 30:1133 (abstr) (1971)

24. Gross, S.K., Williams, M.A.: McCluer RH Alkali-labile sodium hydride reducible ganglioside sialic acid residues in brain. J. Neuroch

em. 34, 1351-1361 (1980)

. Chiricozzi, E., Aureli, M., Mauri, L., Di Biase, E., Lunghi, L., Fazzari, M., Valsecchi, M., Carsana, E.V., Loberto, N., Prinetti, A., Son

nino, S., Glycosphingolipids: Adv. Exp. Med. Biol. 1325, 61-102 (2021)

26. Crespo, P.M., Demichelis, V.T., Daniotti, J.L.: Neobiosynthesis of glycosphingolipids by plasma membrane-associated glycosyltransf

30.

erases. J. Biol. Chem. 285, 29179-29190 (2010)

. Miyagi, T., Takahashi, K., Yamamoto, K., Shiozaki, K., Yamaguchi, K.: Biological and pathological roles of Ganglioside Sialidases. P

rog Mol. Biol. Transl Sci. 156, 121-150 (2018)

. Sonnino, S., Riboni, L., Acquotti, D., Fronza, G., Kirschner, G., Ghidoni, R., Tettamanti, G.: ; 14: 47-61. (1988)

. Acquotti, D., Fronza, G., Ragg, E., Sonnino, S.: Three dimensional structure of GD1b and GD1b-monolactone gangliosides in dimeth

ylsulphoxide: a nuclear overhauser effect investigation supported by molecular dynamics calculations. Chem. Phys. Lipids. 59, 107-1
25 (1991)

Bassi, R., Riboni, L., Tettamanti, G.: Cultured cerebellar granule cells, but not astrocytes, produce an ester of ganglioside GD1b, pres
umably GD1b monolactone, from exogenous GD1b. Biochem. J. 302, 937-942 (1994)

. Bassi, R., Riboni, L., Sonnino, S., Tettamanti, G.: Lactonization of GD1b ganglioside under acidic conditions. Carbohyd Res. 193, 14

1-146 (1989)

. Stuwe, L., Muller, M., Fabian, A., Waning, J., et al.: pH dependence of melanoma cell migration: protons extruded by NHE1 dominat

e protons of the bulk solution. J. Physiol. 585, 351-360 (2007)

. Bassi, R., Chigorno, V., Fiorilli, A., Sonnino, S., Tettamanti, G.: Exogenous gangliosides GD1b and GD1b-lactone, stably associated t

o rat brain P2 subcellular fraction, modulate differently the process of protein phosphorylation. J. Neurochem. 57, 1207—-1221 (1991)




34.

35.

Hawthorne, J.N.: A note on the life of J.L.W. Thudichum (1829-1901). Biochem. Soc. Trans. 3, 591 (1997)

Carter, H., Glick, F., Norris, W., Philips, G.: Bliochemistry of the sphingolipids. 3. Struct. Sphingosine J. Biol. Chem. 170, 285-294
(1947)

36. Gottschalk, A.: Structural relationship between Sialic Acid, Neuraminic Acid and 2-Carboxy-pyrrole. Nature. 176, 881-882 (1955)

. Kuhn, R., Wiegandt, H.: Die Konstitution der Ganglio-N-tetraose und des gangliosids GI. Chem. Ber. 96, 866—880 (1963)

. Fazzari, M., Lunghi, G., Chiricozzi, E., Mauri, L., Sonnino, S.: Gangliosides and the treatment of neurodegenerative diseases: a long i

talian tradition. Biomedicines. 10, 363 (2022)

39. Chiricozzi, E., Aureli, M., Mauri, L., Di Biase, E., Lunghi, L., Fazzari, M., Valsecchi, M., Carsana, E.V., Loberto, N.: Prinetti A and S

onnino S. Glycosphingolipids. Adv. Exp. Med. Biol. 1325, 61-102 (2021)

. Fazzari, M., Di Biase, E., Lunghi, G., Mauri, L., Chiricozzi, E., Sonnino, S.: Novel insights on GM1 and Parkinson’s disease: a critica

1 review. Glycoconj. J. 39, 27-38 (2022)

© Springer Nature




