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Gangliosides are sialic-acid containing glycosphin-
golipids that occur predominantly on the outer leaflet of the
plasma membrane of the cells of higher animals. The usual
type of sialic acid in most gangliosides is N-acetyl-neuraminic
acid. This molecule is the probable parent of the diverse family
of sialic acids, which now has more than 25 members (1,2).
Several of these modified sialic acids have been found on gan-
gliosides, including N-glycolyl-ncuraminic acid, mono- and di-
O-acetylated molecules and O-methylated molecules (1-6).
However, in all sialic acids previously reported on gangli-
osides, the amino group at the 5-position is substituted with
either an acetyl or a glycolyl group. In recent years two reports
(7.8) have suggested that gangliosides with frec amino groups
on the sialic acids ("de-N-acetyl gangliosides") might occur in
nature. In this review, I summarize the cvidence for the cxis-
tence of these novel zwitterionic gangliosides, and speculate
about their origin, fate and function. Because there is very little
published material on this subject, this review is necessarily
brief.

Evidence for the Existence of De-N-acetyl Gangliosides.

In 1988, Hanai er al. (7) reported a monoclonal anti-
body, DHS, that was raised against chemically synthesized de-
N-acetyl G,,,. It did not react with any previously known gan-
glioside, but did react with synthetic de-N-acetyl-sialylpara-
globoside, and with lipid extracts from A431 cells. Based upon
this finding, they made the reasonable prediction that these
cells might naturally contain this novel ganglioside. In support
of this, a chemical re-N-acetylation study with ['*C] acelic
anhydride produced a radioactive band on TLC that co-mi-
grated with G,,,. These data suggested that very small amounts
of de-N-acetyl G,,, were indeed present in the cells. A survey
of tissues and tumors using this monoclonal antibody in an im-
muno-overlay TLC indicated the presence of de-N-acetyl G,
in A431 cells, B16 melanoma cells and human clonic adenocar-
cinoma cells, but not in normal rat brain, nor in Swiss 3T3 fi-
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broblasts. These authors therefore postulated a de-N-acetyla-
tion/re-N-acetylation cycle occurring on the sialic acid moicty
of G,,,, that might have a role in growth regulation.

We have recently reported direct evidence for such turn-
over of N-acetyl groups on the sialic acids of both G,,, and G,
in human melanoma cells (8). Several years ago (9,10), we and
others described the melanoma-associated oncofetal gly-
cosphingolipid antigen 9-O-acetyl-G_,, which is now known to
be recognized by several monoclonal antibodies (11,12). Dur-
ing recent studies of this O-acetylated molecule, we unex-
pectedly encountered evidence for de-N-acetyl gangliosides.
While studying the biosynthesis and turnover of 7- and 9-O-
acetyl-Gy, in cultured human melanoma cells, we encountered
two anomalous findings (8). First, when metabolic labeling of
melanoma cells with [2->H]acetate was carried out, we found
that the O-acetyl groups of disialogangliosides carried much
less of the *H-label than the N-acetyl-neuraminic acid residucs
themselves. Second, when we labeled isolated Golgi-cnriched
vesicles from these cells with [acetyl-*H]Acetyl-CocnzymeA
(AcCoA), the majority of the label incorporated into disialo-
gangliosides was in an alkali-resistant but sialidase-sensitive
form. Thin-layer chromatography showed that the major prod-
uct of the in vitro acetylation reaction was not the expected O-
acetylated Gy, but G, itsclf. By carrying out a "fragmentation
analysis" of the labeled G, we showed that the *H-label was
exclusively in the N-acetyl groups of the two N-acetyl-ncuram-
inic acid residues. Thus, in this in vitro reaction, *H-label from
[acetyl-*H]AcCoA was being added directly to the amino group
at the 5-position of sialic acid residues of endogenous G,
molecules (8).

Analysis of gangliosides from cells metabolically la-
beled with [*H]acetate and ["C]glucosamine corroborated and
extended this finding. The *H-label in the sialic acids was
shown to be exclusively in O-acetyl and N-acetyl groups of the
ganglioside, and pulse-chase studies indicated that both the O-
acetyl and N-acetyl groups were turning over faster than the
parent molecule. Taken together, these results indicate the
existence of de-N-acetylation and re-N-acetylation reactions
involving the sialic acid residues of G,,. Similar findings were
made with the G,,, molecules present in the same cells (8).

' The two sialic acid residues of G, are distinct: the outer
residue is a 2-8 linked to the inner residue, which is in turn a 2-
3 linked to a galactose residue. To investigate il the *H-N-ace-
tyl groups were being selectively incorporated into the outer or
the inner sialic acid residues, we took advantage of the fact that
the side chain of the outer residue is susceptible to mild peri-
odate cleavage, whereas the inner one is not (being substituted
at the 8-position). This approach showed that both the inner
and outer sialic acid residues of G,, had incorporated *H-label
in the in vitro reaction. Similar analyscs showed an almost
identical turn-over of N-acetylation between the two residues in
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the pulse-chase study (8).

Taken together, these studies provide highly suggestive,
but not conclusive evidence for the presence of de-N-acetyl
gangliosides in certain cell types. Dircct proof of their exis-
tence will require isolation and positive identification by physi-
cal techniques such as FAB-MS (13). With the limited amounts
of the material present, this has not so far proven to be an easy
task. It is clear that they are not major components of the gan-
gliosides in any cell type so far studied. We are currently work-
ing towards identifying and purifying the de-N-acetyl-
gangliosides from melanoma cells, to dircctly study their struc-
ture in detail. We would also like to know if both neuraminic
acid residues on the same molecule of Gy, can be simultane-
ously de-N-acetylated (i.e. di-de-N-acetyl G,)). It is also not
known if G, molecules can carry O-acetyl esters and be simul-
taneously in the de-N-acetyl form (i.e. O-acetyl-de-N-acetyl
G

To our knowledge, there are no other reports of de-N-
acetyl-gangliosides in the literature, nor have there been any re-
ports of non-acetylated neuraminic acid residues on any other
glycoconjugates in any other system. In our study, the use of
radioisotopic tracer techniques resulted in the identification of
these novel gangliosides, while Hanai ef al. used a specific
monoclonal antibody. It is of some interest to discuss why the
cxistence of these molecules may have been previously missed
by the many investigators who have worked on gangliosides,
including those studying the most minor components of very
complex mixtures (14,15). These molecules are likely to be
missed during the conventional purification steps used for gan-
gliosides. Thus for example, the use of anion ion-exchange
chromatography could result in separation and loss of these
zwillerionic compounds, and the migration of such compounds
on TLC may be quite anomalous (7). Glycosidically-bound
neuraminic acids without N-acetyl groups are resistant 1o all
known neuraminidases (16,17), and thus would not be detected
if an enzymatic approach were taken. If on the other hand, acid
hydrolysis were used to degrade such molecules, the resulting
free neuraminic acid would be very unstable. It would decom-
pose spontancously into 4-hydroxy-5 (D-arabino-tetritol-1-yl)-
1-pyrroline-2-carboxylic acid, and subsequently into insoluble
"humic acids" (18). Thus, it might not be surprising if small
amounts of de-N-acelyl gangliosides are present in many cell
Lypes.

How are de-N-acetyl Gangliosides made?

The N-acetyl group at the 5-position of the N- -acelyl-
neuraminic acid normally originates from AcCoA very early in
its biosynthesis (see Figure). The conversion of GIcNH,-6-P 1o
GIcNAc-6-P is catalyzed by glucosamine-6- -phosphate: N-ace-
tyltransferase. The latter compound is the precursor of UDP-
GlcNAc (19-22) which undergocs irreversible cpimerization 1o
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Fig. 1. Two possible sites for removal and re-addition of N-acetyl groups to slalic aclds.
The scheme shows previously known pathways for the biosynthesis of CMP-N-acetyl neuraminic acid and its role in the synthesis of
disialogangliosides in melanoma cells. Free neuraminic acid (Neu) is unstable, and therefore cannot exist in nature. Thus de-N-acetyla-
tion and re-N-acetylation can take place either prior to the synthesis of sialic acid (i.e. on amino sugars) or directly on the glycosidically
bound sialic acids of gangliosides. See text for further discussion.

ManNAc, which in turn is eventually converted to CMP-N-ace-
tyl-neuraminic acid via ManNAc-6-P, N-acetyl-ncuraminic
acid-9-P, and free N-acetyl-neuraminic acid (1,19-21). After
N-acetyl-neuraminic acid is transferred to macromolecules
from the nucleotide sugar, it can later be released, exported into
the cytosol (23-26), and either re-utilized, or degraded to Man-
NAc and pyruvate (27). The N-acetyl group can also be hy-
droxylated to an N-glycolyl group, by a specific hydroxylase
acting on the nucleotide donor (28,29). Throughout all of these
reactions, the N-acyl group of the sialic acid is presumed to
remain associated with the rest of the molecule. Since the de-
N-acetylated form of sialic acid, neuraminic acid (Neu) is very
unstable in the free state (18), it has always been assumed that it
does ot exist in nature. However, the glycosidically-bound
form of neuraminic acid can be synthesized chemically, and is
at least as stable as the N-acetylated compound (30).

Taken together, our results indicate that the major prod-
uct of incubation of isolated Golgi-enriched vesicles from
melanoma cells with [acetyl-’H]JAcCoA is the disialogan-
glioside G,,,, carrying [N-acetyl->H]NeuSAc. The most likely
explanation is that the *H-acetyl groups were transferred from
the nucleotide donor (AcCoA) to a free amino group on en-
dogenous de-N-acetyl Gp,- A much less likely possibility is
that an acetyl-displacement reaction occurred on endogenous
Gy, i.e. an acetyl group would directly displace another acetyl
group. It is hard to imagine a useful purpose for such a "reve-
nue-neutral” reaction in which both the precursor and the prod-
uct would be the same; however, the current data do not permit
us to rule it out. It is also theoretically possible that the acetyl
groups from labeled AcCoA are being donated to GIcNH, -6-P,
a precursor of CMP-Neu5Ac, which could then be donating
sialic acids to endogenous acceptors to generate the obscrved
products. However, this would involve a total of 7 scquential
enzymatic reactions catalyzed by cytosolic enzymes that re-
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divalent cations. Since the labeling was done with isolated
washed vesicles, without addition of any of these enzymes or
factors, this explanation also appears highly unlikely. Further-
more, the results of the pulse-chase study in intact cells cannot
be explained by such a reaction.

Thus, the most likely scenario is the action of a specific
de-N-acetylase on intact gangliosides. We are currently search-
ing for such an enzyme in the melanoma cells. We are also in
the process of characterizing the N-acetyl-transferase reaction
in the Golgi-enriched vesicles. It will be interesting to see if it
is similar to the O-acetylation of sialic acids, which we have
previously studied in rat liver (31,32). Regardless of the exact
enzymatic mechanisms involved, the precise subcellular site(s)
of these reactions also require further study. Since the addition
of sialic acid itself is felt to occur in the trans Golgi apparatus or
the trans Golgi network (33,34), it reasonable to assume that
the acetylation reactions must occur at some point after this
event. Candidate regions include the trans-Golgi apparatus it-
self, the trans-Golgi network, the endosomal compartments,
and the plasma membrane.

What Do De-N-acetyl-gangliosides Do?

The only experiments that deal with possible roles for
de-N-acetyl gangliosides are those of Hanai ef al. (7). Unlike
G,,,» which inhibited tyrosine phosphorylation of the EGF re-
ceptor, synthetic de-N-acetyl G,,, was shown to have a signifi-
cant stimulatory effect upon this process. In keeping with this
finding, synthetic de-N-acetyl G,,, proved to be a stimulator of
growth of several cell types. On the other hand, de-N-acetyl
G,,, did not have any effect upon the number of EGF receptors,
nor their affinity for EGF. These studics were done by adding
gangliosides to isolated membranes in the prescnce of de-
tergents, and hence have to be interpreted with some caution.
However, they do indicate that the endogenous de-N-acetyl
ganglioside molecules could be involved in growth regulation.

On a quantitative level, some would argue that even if
de-N-acetyl gangliosides do exist, they are extremely minor in
amount, and questions could therefore be raised about their bio-
logical relevance. However, there are in fact several previous
examples in which apparently minor modifications of carbohy-
drates are known to play major biological roles. In studics of
mannose-6-phosphate residues on lysosomal enzymes many
years ago we found that a small percentage of the N-linked oli-
gosaccharides carried this modification at steady state (35,36).
In spite of this fact, this minor and transiecnt modification has a
crucial function in the sub-cellular trafficking of lysosomal en-
zymes 1o the lysosome (37). In the case of the heparin mole-
cule, 3-0-sulfation is a minor and rare modification which is
however critical in mediating its anticoagulant action (38). In
fact the experiments of Hanai et al. indicate that small amounts
of de-N-acetyl-G,,, are sufficicnt to stimulate tyrosine
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phosphorylation of the EGF receptor (7). Thus, it is possible
that the apparently minor de-N-acetylation/re-N-acetylation
cycle we have described could have major biological signifi-
cance. The stoichiometry of the interaction with the EGF re-
ceptor is not known, rior its mechanism. If the reaction is cata-
Iytic, it would not require a large number of molecules to have
asubstantial effect upon the growth of a cell. These issues need
to directly addressed in a defined system such as the melanoma
cells in culture.

It used to be thought that the gangliosides of human
melanoma cells were relatively simple i.c. G, Gy, and occa-
sionally some G, (39). Itis now evident that O-acctylation at
different positions, and probably de-N-acetylation create sub-
stantial complexity in this matter, and that monoclonal antibod-
ies do no cross-react much between the various structures.
Thus, quite apart from the issue of growth control, these novel
molecules need to be taken into account in the use of monoclo-
nal antibodics for the diagnosis and therapy of melanoma (40).
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