late microalgal growth. Results from the
field were consistent with those from the
laboratory.

These interspecific differences in food
growth stimulation may be understood
by considering the interspecific differ-
ences in natural history and the energetic
cost of mucus production (I2). Lottia
gigantea and C. scabra invest more en-
ergy in mucus per unit of body weight
than C. digitalis (13). Mucus production
accounts for approximately 23 percent of
the energy budget of an individual C.
scabra, compared to 20 percent for C.
digitalis (13). This extra investment may
be tolerated by L. gigantea and C. sca-
bra because it brings greater returns by
its growth-stimulating action. In order to
receive these benefits, however, individ-
uals must be separated and must remain
in the same area to allow retracing and
ingestion of previously laid trails. Lottia
gigantea and C. scabra meet both condi-
tions. Individual L. gigantea defend ter-
ritories and return at low tide to home
scars excavated in the rock (3). Collisella
scabra maintain home scars, move an
average of only 12 to 15 cm in a feeding
cycle (I3, 14), and retrace their own
trails (5). Thus, members of both species
may effectively, and often exclusively,
benefit from any increase in food caused
by their mucus. Production of a nutrient-
rich provendering mucus may allow
these limpets to restrict their foraging
distance to ensure return to their home
scars.

~In contrast, production of a proven-
dering mucus by C. digitalis might not be
advantageous because these limpets
commonly follow the trails of conspeci-
fics and form large intraspecific aggrega-
tions. Aggregations presumably prevent
a limpet from exclusively receiving the
nutritional benefits derived from nutri-
ent-rich mucus. A ‘‘cheater’’ could pro-
duce a low-cost mucus while benefiting
from the high-cost mucus produced by
others (12). Collisella digitalis individ-
uals have larger home ranges and are
more migratory than the other two lim-
pet species, and thus would not be as
effective at retracing their own mucus
trails. ‘

These experiments show that pedal
mucus, previously thought to be associ-
ated primarily with adhesive locomotion,
may also play an important role in the
feeding biology of herbivorous limpets.
The mucus of all species examined acts
as an adhesive that traps food species. In
addition, a territorial species and a hom-
ing species produce mucus that stimu-
lates algal growth; these limpets may be
viewed as farming algae for their exclu-
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sive use. With the large energetic cost of
mucus production in gastropods, it is
perhaps not surprising that these secre-
tions serve multiple functions and that
some may be specifically tailored to the
animal’s social and feeding ecology.
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O-Acetylation of Disialoganglioside GD3 by Human Melanoma

Cells Creates a Unique Antigenic Determinant

Abstract. Monoclonal antibody Mab D1.1 recognizes on human melanoma cells a
ganglioside antigen characterized by an alkali-labile O-acetylated sialic acid resi-
due. Immunochemical analysis showed that this molecule is an O-acetylated product
of the neuroectoderm-associated disialoganglioside GD;. Controlled chemical O-
acetylation of purified GDj; resulted in the generation of this same epitope. Lysates
of human melanoma cells were found to contain O-acetyltransferase activity capable
of generating the antigenic epitope recognized by Mab D1.1. Thus, the addition of a
single O-acetyl group to a common cell surface-associated ganglioside can create a

potentially tumor-specific antigen.

Gangliosides (sialic acid-bearing gly-
colipids) on the surface of normal and
transformed eukaryotic cells have re-
ceived attention in recent years because
of their putative role in cell surface rec-
ognition phenomena (/). Monoclonal
antibodies have been of great value in
defining these carbohydrate structures
and in investigating their role as tumor
cell markers. Monoclonal antibodies that
specifically recognize gangliosides asso-
ciated with melanoma (2, 3), neuroblas-
toma (4), and colon carcinoma (5) have
been reported. Levine et al. (6) de-
scribed the monoclonal antibody Mab
D1.1, which recognized a fetal rat neuro-
ectoderm-associated antigen present on
a ganglioside. We used Mab DI.1 to
screen various human adult, fetal, and

tumor tissues and showed that its reac-
tivity in human tissues was restricted to
melanomas (7).

We now report that the antigen specifi-
cally recognized by Mab DI1.1 is the
alkali-labile O-acetylated product of the
neuroectoderm-associated disialogangli-
oside GDs (8). The first indication that
Mab DI1.1 recognized an O-acetylated
ganglioside came from our original stud-
ies, indicating that alkali treatment of
this melanoma-derived  ganglioside
caused a decrease in its migration on
thin-layer chromatography (TLC) (7). To
extend these observations, we isolated
small amounts of the ganglioside and
found that it migrated on TLC as a
doublet between the monosialylated gan-
glioside standards GM; and GM,. When
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the purified ganglioside was subjected to
increasing periods of alkali treatment, it
became—first partially and then com-
pletely—converted to a new doublet mi-
grating in the position of the disialogan-
glioside GD; (data not shown). This sug-
gested that this still undefined ganglio-
side may be structurally related to GDs.
The occurrence of a single downward
shift in migration on TLC implied that a
single base-labile O-acyl group was re-
moved.

The conventional approach to prove
the structure of the ganglioside would be
to study it by compositional analysis,
methylation analysis, and direct-probe
mass spectrometry. However, because
this ganglioside constitutes a relatively
minor (5 percent) and unstable compo-
nent of total melanoma gangliosides, we
used biochemical. and immunochemical
techniques to confirm its structure. Spe-
cifically, to determine the antigenic char-
acteristics of the de-O-acetylated GDs,
we used—in addition to Mab D1.1—two
monoclonal antibodies, Mab R24 (3) and
Mab MB3.6 (9), prepared against human
melanoma cells; these two monoclonal
antibodies specifically recognize only
native GD; and do not cross-react with
any other gangliosides. Base-induced de-
O-acetylation of total gangliosides puri-
fied from melanoma cells completely de-
stroyed reactivity with Mab D1.1 (Fig.
1A). In contrast, the same treatment
caused a reciprocal increase in the reac-
tivity of Mab R24.

To gain direct evidence that Mab D1.1
recognizes an acetylated form of GD;,
both total melanoma gangliosides and
the purified ganglioside recognized by
Mab DI1.1 were analyzed in parallel on
TLC, with or without prior base treat-
ment, and directly immunostained with
monoclonal antibodies (Fig. 1B). Base
treatment of the purified ganglioside rec-
ognized by Mab DI.1 had three effects:
(i) it caused loss of reactivity with Mab
D1.1; (i) it brought about a decrease in
mobility on TLC resulting in migration
with purified GDs; and (iii) the base-
treated ganglioside reacted exclusively
with Mab R24 and Mab MB3.6, which
are specific for nonacetylated GD;.

We had observed earlier that one of
two labeled sialic acid residues of this
ganglioside chromatographed with 9-O-
acetyl-N-acetyl neuraminic acid (7). To
determine whether the O-acetyl group
was located on the 9-position of the
terminal sialic acid residue, we per-
formed periodate oxidation on ganglio-
sides isolated from melanoma cells. The
conditions used for periodate oxidation
were chosen so that oxidation would
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occur only between the exocyclic 7-, 8-,
and 9-hydroxyl positions of terminal, un-
substituted sialic acid residues (10). In
this regard, it was earlier shown that an
acetyl group in the 9-position sterically

hinders this oxidation, whereas substitu-
tions on the 7- or 4-positions do not (11).
Substitution at the 8-position is extreme-
ly rare because of rapid migration to the
9-position (/2). Figure 1C shows that
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Fig. 1. (A) Reactivity of monoclonal antibodies on total melanoma gangliosides. Gangliosides
isolated from M14 melanoma cells and used as target antigens (/5) in a solid-phase enzyme-
linked immunosorbent assay (ELISA) (7, 15) were reacted with Mab D1.1 or Mab R24 with or
without prior alkali-induced de-O-acetylation. (B) Immunoreactivity of Mab D1.1 and Mab R24
with total melanoma gangliosides and purified D1.1 ganglioside. Melanoma gangliosides
separated by TLC were directly visualized by resorcinol spray or ELISA immunostaining as
described (7). (Lane a) Ganglioside standards visualized with resorcinol; (lane b) total
gangliosides isolated from M 14 melanoma cells and visualized with resorcinol; (lanes ¢ and d)
immunostaining pattern of total M14 gangliosides; (lanes e and f) immunostaining pattern of the
purified ganglioside recognized by Mab DI.1; (lanes g and h) immunostaining pattern of this
same ganglioside after alkali-induced de-O-acetylation (7). Lanes c, e, and g were immuno-
stained.with Mab D1.1. Lanes d, f, and h were immunostained with Mab MB3.6. (C) Effect of
periodate oxidation on ganglioside antigenicity. Melanoma gangliosides were dried onto
microtiter plates as described above. Sodium m-periodate was added to phosphate-buffered
saline (PBS) containing 1 percent bovine serum albumin (BSA), pH 7.2, to attain a final
concentration of 0 to 4 mM. This solution (50 wl) was added to microtiter wells and incubated at
4°C for 45 minutes. The plates were washed three times (150 wl per well) with cold PBS
containing 1 percent BSA, and the lipid ELISA’s were carried out with the primary monoclonal
antibodies Mab R24 (@), Mab MB3.6 (), Mab 126 (A), or Mab D1.1 (O), as described above.
(D) Immunoreactivity of Mab D1.1 with chemically acetylated GD;. Gangliosides separated by
TLC were visualized with resorcinol or ELISA immunostaining on TLC plates. (Lane a)
Ganglioside standards; (lane b) total gangliosides isolated from M14 melanoma cells; (lane c)
purified melanoma GDj; visualized with resorcinol; (lane d) total melanoma gangliosides
immunostained with Mab D1.1; (lanes e to h) purified GD; chemically O-acetylated and
immunostained with Mab D1.1. For chemically induced acetylation; base-treated purified GD;
in 20-ng portions was thoroughly dried and then dissolved in dry pyridine at 50°C for 30
minutes. N-Acetylimidazole was added to obtain up to fivefold molar excess, and the mixture
was heated at 50°C for 16 hours and taken to dryness. Portions (5 pg) of each were spotted on
TLC, with or without intermediate alkali treatment, developed and immunostained as in Fig.
1B. Lanes e and f and lanes g and h represent GD; acetylated with a 2.5- and a 5.0-fold molar
excess of N-acetylimidazole, respectively. The materials shown in lanes f and h were treated
with base, whereas those shown in lanes e and g were not. Treatment with pyridine alone had no
effect (data not shown).
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controlled periodate oxidation of total
melanoma gangliosides coinpletely abol-
ished their antigenic reactivity with Mab
R24 and Mab MB3.6, which specitically
recognize nonacetylated GD;, as well as
reactivity with Mab 126, which reacis
specifically with GD, (9). In contrast,
antigenic reactivity with Mab DI.1 re-
mained unchanged even at the highest
périodate concentration used (4 mM).
This suggests that the O-acetyl group is
located at the 9-position of the terminal
sialic acid of GDj.

For further chemical confirmation of
this finding, we used the mild acetylating
agent N-acetylimidazole, which selec-
tively O-acetylates the 9-position of the
methyl ester-methyl glycoside of sialic
acid under appropriate conditions of
controlled molar excess (13). Such treat-
ment of purified GD; indeed generated a
compound that not only could now mi-
grate in the appropriate position on
TLC—that is, between GM; and GM,—
but also specifically reacted with Mab
D1.1 (Fig. 1D). As expected, base treat-
ment of chemically acetylated GD; re-
sulted in the complete loss of its reactiv-
ity with Mab D1.1. A control experiment
involving the identical chemical acetyla-
tion of gangliosides GM; and GT;, did
not yield a product that was reactive
with Mab D1.1 (data not shown).

To determine whether human melano-
ma cells contain an acetyliransferase re-
sponsible for the acetylation of a sialic
acid residue of GDj;, melanoma cell-de-

rived gangliosides were de-O-acetylated,
incubated with lysates of melanoma
cells, and assayed for synthesis of the
antigen specifically recoguized by Mab
D1.1. Reactivity with this antibody was
gernerated iu this manner—as a function
of protein concentration (Fig. 2A) and of
time (data not shown). Prior heating of
the extract at 80°C for 20 minutes com-
pletely abolished this reactivity. Further-
more, the presence of the putative en-
zyme ot only geneiaiéd the antigen
reactive with Mab DI1.1 but reciprocally
decreased 1eactivity of Mab RZ24, which
recognizes GDj3. Reactivity with Mab
DI.1 was not generated when ganglio-
sides exiracted from cells lacking GD,
were used as a substrate source (daia not
shown). Taken together, these results
suggest the presence of a melanonia-
associated acetyltransferase that is capa-
ble of generating the antigenic epitope
specifically recognized by Mab D1.1. A
scheme outlining the probable mecha-
nisms of the experiments pefornied in
this study is shown in Fig. 2B.

The results of our experiments indi-
cate that the ganglioside recognized by
Mab DI1.1 differs from GD; only by a
single O-acetyl ester at the 9-position of
the terminal sialic acid residue. Although
9-O-acetylated sialic acids have been
previously reported in other human tis-
sues such as the colon (/4) and brain
(12), Mab D1.1 does not react with these
tissues (7), presumably because these O-
acetylated sialic acids are on molecules
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0.09 Fig. 2. (A) Demonstration of O-acetyltransferase activity in
| human melanoma cells. Melur melanoma cells were sus-
pended at 5 X 107 cells per milliliter in 0.1M phosphate
0.03} buffer, pH 7.0, containing | mM EDTA and 1 mM mercap-
) ) _ | toethanol (12). This cell suspension was sonicated in the

0.08 0.8 8.0
Cell protein (mg/ml)

cold for 10 seconds (@) or 60 seconds (O) [probe sonicator
(Branson) used at 40 W]. The cell lysates were centrifuged
at 100,000g at 4°C for 1 hour and the supernatant was used

as the enzyme source (——). Controls were cell lysates previously heated to 80°C for 20 minutes
(- - - -). Melanoma gangliosides were attached to microtiter wells (/5), treated with base as
described (7), and used as the substrate. Enzyme (25 wl) (or a buffer blank) was added to
appropriate wells and incubated for 90 minutes at 37°C, after which the wells were washed three
times with PBS containing 1 percent BSA, pH 7.2 (150 ul per well). A lipid ELISA was then
performed with Mab DI1.1 or Mab R24 as described above. (B) Scheme for the postulated
relation between GD; and O-acetylated GDs. Thé effects of N-acetylimidazole and mild alkali
treatment are indicated. The O-acetyltransferase and esterase depicted in this scheme are
postulated to catalyze reactions that occur in vivo.
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other than GD;. Thus, the generation of
the epitope recognized by Mab DI1.1
requires two independent factors: first,
the synthesis of the disialoganglioside
GDs, and second, the presence of an O-
acetyltrausferase capable of acetylating
the 9-hydroxyl position of the terminal
sialic acid residue. Although each of
these factors may be individually present
in other normal tissues and tumors, it is
the combination of the two in human
melanoma cells that results in the gener-
ation of an apparently tumor-specific
antigen.
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