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RA/F9 cells is consistent with previous reports in a variety of cell lines (161,
164). These results led to the conclusion that an increase in glycolipid
biosynthesis occurred upon differentiation of the cell lines under study.
However, the identification of changes in specific structures has been limited
to a combination of immunological procedures and isolation and
characterization of large amounts of material. Separation of glycolipids by
thin layer chromatography has not resolved complex mixtures in which the
separated bands may contain more than one component, some of them

present in very low amounts and to which antibodies may not be available.

42 THIN LAYER CHROMATOGRAPHY OF METABOLICALLY-
LABELED GLYCOSPHINGOLIPIDS

Metabolically-labeled glycolipids from F9 and RA/F9 cells were
separated by anion exchange chromatography on DEAE-sepharose into
neutral, monosialyl- and polysialylganglioside fractions. The distribution of
radioactivity incorporated into each fraction is shown in Table 2.
Comparisons of 3H-monosaccharide incorporation between the cell lines
were made on the basis of what percentage (numbers in parenthesis) each
glycolipid fraction represents relative to the total incorporation of radioactivity
into glycolipids. Over 50 % of 3H-galactose incorporated into the glycolipid
fraction was recovered in neutral components in both cell lines. While the
incorporation of 3H-galactose into polysialyl- and monosialylgangliosides
was similar in control F9 cells, RA/F9 cells incorporated aimost twice as

much 3H-precursor into the monosialylganglioside fraction. Incorporation of
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3H-glucosamine into neutral glycolipids from F9 and RA/F9 cells was
approximately two times lower than the incorporation of 3H-galactose in both
cell lines. The observed increase in the incorporation of 3H-glucosamine in
the monosialylganglioside fraction derived from both cell cultures may reflect
the labeling of sialic acid residues, and possibly, the induction of
sialyltransferase activity in RA/F9 cells (see below). When the incorporation
of 3H-monosaccharides was expressed as radioactivity incorporated per
millibn of cells, for instance, RA/F9 cells showed a 2-6 fold increase in the
incorporation of the precursors relative to F9 controls.

3H-Neutral glycolipids and monosialylgangliosides were resolved by
thin layer chromatography and subjected to autoradiography as described
under Experimental Procedures. Analysis of the autoradiograms (Fig. 1)
revealed that neutral glycolipids with relative mobilities identical to those of
authentic CDH and globoside standards were the major components labeled
with 3H-galactose. This last component constituted the major glycolipid
labeled with 3H-glucosamine as well, in both F9 cells and their differentiated
derivatives. Labeling with 3H-glucosamine of neutral glycolipids that had
mobilities higher than that of globoside decreased in RA/F9 cells suggesting
that their synthesis is diminished upon RA-induced differentiation. These
results may indicate that down-regulation of the glycosyltransferases
responsible for the elongation of lacto- and globo-series glycolipids may
accompany the differentiation of F9 cells. The relevance of this hypothesis
would require much further investigation and the characterization of the
structures involved, which only constitute minor components of the total

glycolipid fractions. On the other hand, a higher glycolipid turnover in RA/F9



Metabolically-labeled neutral and monosialylganglioside fractions were obtained by chromatography
on DEAE-sepharose of total glycolipid extracts derived from F9 and RA/F9 cells as indicated under

Experimental Procedures. 2 x 104 cpm from each fraction were applied to aluminum-backed silica-60
plates for thin layer chromatography and resolved in chloroform/methanol/0.25% KCl in water
(5:4:1) by volume. The chromatograms were air-dried, sprayed with EnJHance and exposed to
Kodak X-ray film (X-Omat AR) for autoradiography. A. Lane 17: 3H-galactose-labeled neutral
glycolipids from RA/F9 cells. Lane 2: Same fraction as in lane 1 but derived from F9 cells. Llane 3:

Neutral glycolipids radiolabeled with 3H-glucosamine derived from RA/F9 cells. Lane 4: Same as in
lane 3 applying the fraction derived from F9 cells. B. Lane 7: Monosialylgangliosides extracted from

RA/F9 cells radiolabeled with 3H-galactose. Lane 2: same asin lane 1 but the fraction obtained from

F9 cells was applied. Lane 3: 3H-glucosamine-labeled monosialylgangliosides derived from RA/F9
cells. Lane 4: same as lane 3 but applying the fraction derived from F9 cells. The position of
migration of authentic standards along the chromatograms are indicated.

Figure 1: Thin Layer Chromatography of Metabolically-Radiolabeled

Monosialylgangliosides and Neutral Clycolipids from F9 and RA/F9
Cells



cells could account for the apparent reduced incorporation of SH-
glucosamine in higher molecular weight neutral species. Analysis of the
monosialylganglioside fraction showed a clear increase in the synthesis of

gangliosides co-migrating with GM4 and GM3 standards in fractions labeled

with 3H-galactose and 3H-glucosamine and a ganglioside comigrating with
GMa in the fraction labeled with the latter. Synthesis of higher molecular
weight monosialylgangliosides, in contrast, apparently diminished,
correlating with the reduced synthesis of high molecular weight neutral
glycolipids observed in the fractions labeled with 3H-glucosamine. 3H-
glucosamine incorporation into gangliosides can be detected as sialic acid,
N-acetylglucosamine or N-acetylgalactosamine. Incorporation into GMg3 of
the radioactive precursor would, therefore, be due exclusively to the
presence of 3H-sialic acid linked to CDH. An increase in the biosynthesis of
GMg3 has been documented during the differentiation of the human leukemia
cell line HL-60 (164), the human T-cell leukemia cell line CCL119 (161), the
human EC cell line Tera-2 (165, 166) and mouse erythroleukemia cells (Friend
cells) (162) induced by RA or phorbol esters. In the human EC cell line, the
increase in the biosynthesis of GM3 paralleled an increase in the activity of
CMP-sialic acid:lactosyl-c2,3-sialyitranstferase.  Then, it is possible to
propose that a higher activity of such glycosyltransferase is induced in F9
cells cultured in the presence of RA.

The thin layer plates were scanned for radioactivity, and the amount of
incorporation of 3H-galactose or 3H-glucosamine into the separated
components calculated by integration of the areas under the peaks obtained

along the distance of the chromatograms (Fig. 2). A 1.5 to 2-fold increase in
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Thin layer chromatograms of metabolically-radiolabeled glycolipids from F9 and RA/F9 cells were
scanned for radioactivity using a Bio-Scan imaging system (system 200). The amount of radioactivity
incorporated into each fraction was calculated by integration of the areas under the peakes obtained
along the distance of the chromatograms. A. Clycolipids from F9 and RA/F9 cells radiolabeled with
3H-ga!actose. Panel a: Neutral glycolipids from F9 cells; Panel b: Neutral glycolipids from RA/F9
cells; Panel c: Monosialylgangliosides from F9 cells; Pane/ d: Monosialylgangliosides derived from
RA/F9 cells. B. Clycolipids from F9 and RA/F9 cells radiolabeled with 3H-glucosamine. Panel a:
Neutral glycolipids from F9 cells; Panel b: Neutral glycolipids derived from RA/F9 cells; Panel c:
Monosialylgangliosides from F9 cells; Panel d: Monosialylganglioside fraction from RA/F9 cells. The
numbers at the top of the figures indicate the position of migration of standard glycolipids: 1, CMy; 2,
CMy; 3, CMg; 4, globoside; 5, CTH; 6, lactosylceramide (CDH); and 7, glucosyl- or
galactosylceramide (CMH)

Figure 2: Thin Layer Chromatography of Metabolically-Labeled Clycolipids from F9 and
RA/F9 Cells
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3H-galactose incorporation into neutral glycolipids comigrating with CMH
and globoside was observed in RA/F9 cells relative to F9, amounting to 11.7
and 32.6 %, respectively. On the contrary, incorporation of the radioactive
precursor into glycolipids co-migrating with CDH and CTH as well as higher
molecular weight components decreased in the differentiated cell line.
Labeling with 3H-glucosamine was consistent with these results showing a

dramatic decrease in the incorporation of this precursor into higher molecular
weight neutral glycolipids. A 3-fold increase in GM1 and a 4-fold increase in

GM3 were observed in RA/F9 compared to F9 cells. Incorporation of the 3H-

glucosamine in this last component increased 10-fold upon differentiation.
This significant change in the biosynthesis of this component may well reflect
the increase in o2,3-sialyltransferase activity mentioned previously.
Interestingly, metabolic-radiolabeling of F9 and RA/F9 cells with 3H-
mannose rendered negligible amounts of incorporation of radioactivity in any
glycolipid fraction (not shown). In glycolipids, incorporation of this 3H-
precursor can be detected, exclusively, as fucose residues. In view of these
results, one can conclude that glycolipids derived from these two cell lines
are fucosylated to a very low extent. As it will be demonstrated later on, this
characteristic provides an advantage for the fractionation of the glycolipid-

derived 3H-oligosaccharides by lectin affinity chromatography.
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4.3 RELEASE OF METABOLICALLY-LABELED GLYCOLIPID-DERIVED
' OLIGOSACCHARIDES

Glycolipid-derived 3H-oligosaccharides were released by ozonolysis
followed by alkali fragmentation or by incubation in the presence of
endoglycoceramidase as described under Experimental Procedures. For
glycolipids to be susceptible to oxidation by ozone treatment, the presence
of an unsaturated sphingosine base is required within the ceramide portion of
the molecule. Release by the enzymatic method, in contrast, overcomes
this limitation and should constitute, in theory, an alternative to increase the
yield of free 3H-oligosaccharides derived from metabolically labeled
glycolipids. When the release of 3H-oligosaccharides by ozonolysis or
endoglycoceramidase digestion were compared, the yields of free SH-
oligosaccharides derived from the neutral and monosialylganglioside
fractions were virtually identical (not shown). However, in subsequent
experiments, a higher variation in oligosaccharide release was observed
using the enzymatic approach. In view of the variability introduced by the
use of endoglycoceramidase and the cost of the commercial preparations of
this enzyme, ozonolysis and alkali fragmentation was the procedure chosen
for the isolation of metabolically-labeled 3H-oligosaccharides.

The vyield of glycolipid-derived 3H-oligosaccharides was found to vary
according to the nature of the fraction under analysis. Yields as high as 95
% were obtained with 3H-galactose-labeled monosialylganglioside fractions
derived from both F9 and RA/F9 cells. Ozonolysis and alkali fragmentation of

3H-galactose-labeled neutral glycolipid fractions rendered 70-90 % free
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oligosaccharides with the yields being consistently higher with those neutral
fractions derived from RA/F9 cells. The release of 3H-oligosaccharides from
glycolipids metabolically-labeled with 3H-g|ucosamine was generally lower,
ranging between 50 to 70 %. Theoretically, the yields for the recovery of
3H-oligosaccharides are expected to be the same regardless of the identity
of the radiolabeling monosaccharide precursor. Therefore, it is reasonable to
assume the presence of compounds radiolabeled with 3H-g|ucosamine other
than glycosphingolipids, which copurify with them during the extracting

operations.

4.4 SEPARATION OF GLYCOLIPID-DERIVED NEUTRAL 3H-
OLIGOSACCHARIDES BY GEL FILTRATION AND HPLC

Glycolipid-derived neutral 3H-oligosaccharides from RA/F9 cells and
undifferentiated controls were desalted and separated by gel filtration on Bio-
gel P6 (Fig. 3) as described under Experimental Procedures. Over 90 % of
the radioactivity  incorporated into  3H-galactose-labeled neutral
oligosaccharides eluted within two fractions with Kp values of 0.75 and 0.95,
corresponding mostly to 3H-o|igosaccharides ranging in length from 1 to 6
monosaccharide residues. The remaining radioactivity was recovered in
higher molecular weight 3H-oligosaccharides containing more than 6 sugar
residues. As shown in Fig. 3, A and B, no significant differences were

obtained when comparing the fractions derived from both cell lines.
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Neutral oligosaccharides were released from glycolipids derived from F9 and RA/F9 cells by
ozonolysis and alkali fragmentation and applied to a BioCel P6 column as described under
Experimental Procedures. Aliquots were taken from the fractions and counted for radioactivity.

Panels A and B: Neutral oligosaccharides radiolabeled with 3H-galactose from F9 and RA/F9 cells,

respectively. Panels C and D: Neutral oligosaccharides radiolabeled with 3H-glucosamine from F9
and RA/F9 cells, respectively. The arrowas indicate the void and salt volumes of the column.

Figure 3: Cel Filtration of Neutral Clycolipid-derivedMetabolically-Labeled 3H-
Oligosaccharides
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Most of the radioactivity incorporated into 3H-glucosamine-labeled
neutral oligosaccharides was recovered into fractions eluting with Kp values
of 0.65 and 0.76, which correspond to 3H-oligosaccharides containing 4 to 6
or 7 monosaccharide residues (Fig 3, C and D). These fractions were not
completely resolved, but it is clear that a 1.6-fold decrease in the
incorporation of 3H-glucosamine into the higher molecular weight fraction

(Kp 0.65) occurred upon incubation of F9 cells in the presence of RA. A

significant amount of radioactivity was also incorporated in a fraction eluting
with a Kp value of 0.95 in RA/F9 cells. This was unexpected as glycolipid-
derived neutral structures containing N-acetylglucosamine or N-
acetylgalactosamine with less than three sugar residues in length have not
been described in mammalian cell lines. As with the fractions labeled with
3H-galactose, some radioactivity was recovered in higher molecular weight
species containing more than 6 or 7 sugar residues, but these were not
further characterized.

As each of the fractions obtained by gel filtration may contain a mixture
of 3H-oligosaccharides varying in length, they were, for convenience,
pooled back together and separated by HPLC (Fig. 4) as described under
Expérimental Procedures. Similar relative incorporation of 3H-galactose into
glycolipid-derived neutral oligosaccharides was observed in F9 and RA/F9
cells (Fig. 4, A and B). The radioactivity mainly distributed among two
fractions corresponding to oligosaccharides containing 2 and 4 sugar
residues. These results are consistent with the analysis of glycolipids
derived from F9 and RA/F9 cells by thin layer chromatography in which the

major components comigrated with authentic lactosylceramide and
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Neutral glycolipid-derived 3H-oligosaccharides from F9 and RA/F9 cells were resolved according to
size by HPLC as described under Experimental Procedures. The position of elution of radiolabeled

oligosaccharide standards and their size are indicated by the arrows. Panel A and B: Neutral 3H-
oligosaccharides from F9 and RA/F9 cells, respectively labeled with 3H-galactose. Panel C and D:
Neutral 3H-oligosaccharides from F9 and RA/F9 cells, respectively labeled with 3H-glucosamine.

Figure 4: HPLC of Clycolipid-derived Neutral 3H-Oligosaccharides
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globoside standards. Roughly, 10 % of the radioactivity was incorporated
into F9 3H-oligosaccharides varying from 5 to 7 sugar residues in length. In
contrast, less than 5 % of the radioactivity was contained in the
corresponding fractions derived from RA/F9 cells . These results indicate that
a decrease in the synthesis of high molecular weight glycolipids indeed,

accompanies F9 cells differentiation induced by RA.

4.5 SEPARATION OF GANGLIOSIDE-DERIVED MONOSIALYL-[3H]-
OLIGOSACCHARIDES BY ION EXCHANGE CHROMATOGRAPHY

The monosialylganglioside fraction obtained by anion exchange
chromatography on DEAE-sepharose was desalted, concentrated and
subjected to ozonolysis and alkali fragmentation as described under
Experimental Procedures. As mentioned previously, ozonolysis followed
by alkali fragmentation rendered free over 90 % of the 3H-oligosaccharides
associated to the monosialylganglioside fractions from F9 and RA/F9 cells.
The released 3H-oligosaccharides were then desalted and separated by
anion exchange chromatography on DEAE-cellulose (Fig. 5) as described by
Smith et al. (184, 185). The distribution of radioactivity in the fractions labeled
with 3H-galactose and 3H-glucosamine is summarized in Table 4.  As
shown by the elution profiles, a 3.5-fold decrease in the amount of
radioactivity incorporated into the high molecular weight 3H-ga|actose-
labeled monosialyloligosaccharides occurred in RA/F9 relative to control F9

cells (Fig. 5, A and B) . On the other hand, a concomitant 1.8-fold increase in
the amount of radioactivity associated with the sialyllactose fraction (GM3)
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Metabolically-radiolabeled ganglioside-derived monosialyl-[3H]oligosaccharides from F9 and RA/F9
were separated on a column of DEAE-cellulose as described under Experimental Procedures. Neutral
oligosaccharides were eluted with 2 mM pyridine-acetate buffer, pH 5.4 whereas
monosialyloligosaccharides were eluted with 20 mM same buffer (as indicated by the arrows) at a
flow rate of 8.5 ml/hr. Aliquots from 1.0 ml fractions were counted for radioactivity. Panels Aand B
are the elution profiles of 3H-galactose-labeled monosialyloligosaccharides from F9 and RA/F9 cells,
respectively. Panels Cand D are the elution profiles of the corresponding fractions radiolabeled with
3H-glucosamine.

Figure 5: DEAE-cellulose Chromatography of Canglioside-derived Monosialyl-
[3H]oligosaccharides
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TABLE 4

RELATIVE INCORPORATION OF 3H-MONOSACCHARIDES INTO
MONOSIALYLGANGLIOSIDE-DERIVED 3H-OLIGOSACCHARIDES FROM F9

AND RA/F9 CELLS
Relative Incorporation (%)
Fracton  [6-3H]Galactose  [6-3H]Glucosamine
F9 a* 145 225
CELLS b 20.6 38.5
c 30.0 23.5
" RA/F9 a 42 18.3
CELLS b 23.5 57.8
c 55.0 20.0

The numbers represent % of total counts incorporated into the ganglioside-derived
monosialyloligosaccharide fractions after chromatography on DEAE-cellulose as described under
Experimental Procedures. Fractions have been designated a, b and c according to their order of
elution from the column using 20 mM pyridine-acetate, pH 5.4 as elution buffer, and as designated
in Fig. 5, 8, and 9. Comparison between the relative percentages from both cell lines was used as
criteria to determine the changes in the incorporation of radioactivity associated with RA-induced
differentiation.

Abbreviations: RA, all-trans retinoic acid.
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was observed in the differentiated cell line. Examination of the F9 3H-
oligosaccharide elution profile, reveals that the high molecular weight
components distribute among at least 3 fractions, which were analyzed as
one for the sake of simplicity. This may, then, reduce the accuracy in the
quantification of the observed changes in the corresponding fractions.
Another observation to be considered is that more neutral 3H-
oligosaccharides were obtained in the F9 fraction relative to that from RA/F9
cells. Analysis of these fractions by reverse phase HPLC (not shown)
revealed that they contained 3H-oligosaccharides ranging from 2 to 20
monosaccharides in length and the elution profiles did not resemble those
of the glycolipid-derived neutral 3H-oligosaccharides.  Therefore, the
corresponding 3H-oligosaccharides are asialo-derivatives generated during
the experimental manipulation of the monosialylganglioside-derived 3H-
oligosaccharides and are not the result of contaminating neutral SH-
glycolipids in the monosialylganglioside fractions. Normalization of the data
to radioactivity incorporated per million of F9 or RA/F9 cells resulted in nearly
a 10-fold increase in the incorporation of 3H-galactose into the GMg3 fraction
(Table 6, fraction c) .

Labeling of the monosialylganglioside fractions from F9 and RA/F9
cells- with 3H-glucosamine resulted in a dramatic increase in the incorporation
of radioactivity in the sialyl-[3H]tetrasaccharide fraction derived from RA/F9
cells (Fig. 5, C and D). Interestingly, a significant change in the relative
incorporation of 3H-glucosamine in the sialyllactose fraction was not
observed. This can be the result of an increase in the activity of the

GalNAcp1,4-transferase responsible for the synthesis of ganglio-series
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structures. Labeling of this fraction with 3H-glucosamine reflects, exclusively,
the incorporation of sialic acid into lactosylceramide for the synthesis of GM3.

An activated N-acetylgalactosaminyltransferase would convert GM3 into GM2

and GMy or would give rise to disialylganglioside structures. @ To be

consistent  with the  analysis of  3H-glucosamine-labeled
monosialylgangliosides by thin layer chromatography, which suggested an
increase in the activity of the sialyltransferase as well, one may have to
consider the yields for the release of oligosaccharides by ozonolysis and
alkali fragmentation in both fractions. These were consistently low, ranging
from 50 to 70 % in different labeling experiments. Considering that the
synthesis of higher molecular weight monosialyl-[3H]oligosaccharides is
decreased significantly in RA/F9 cells a higher proportion of 3H-GM3 would
have remained unfragmented. However, fractions labeled with 3H-
glucosamine should be equivalent to those labeled with 3H-galactose
differing, exclusively, on the identity of the radiolabeled sugar. This apparent
lack of change in the relative amounts of SH-glucosamine-labeled
sialyllactose may reflect a high turnover of this component in RA/F9 cells so
that radiolabeled sialic acid residues have been rapidly exchanged by
unlabeled N-acetylneuraminic acid present in the intracellular pool of
activated monosaccharides. Since sialyllactose labeled with 3H-galactose
would be labeled at the galactose and glucose residues, a rapid turnover of
the acetylneuraminic acid residues associated with GM3 would not alter the
relative amounts of sialyllactose detected in both cell lines. It is conceivable

then, that RA-induced differentiation of F9 cells is accompanied by an
increase in the synthesis of GM3 and GM{ with a concomitant increase in
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the turnover rate of GMg as well. These changes would then be consistent
with an increase in o2,3-sialyltransferase and B1,4-N-

acetylgalactosaminyltransferase activities in RA/F9 cells.

4.6 SERIAL LECTIN AFFINITY CHROMATOGRAPHY OF GLYCOLIPID-
DERIVED NEUTRAL SH-OLIGOSACCHARIDES

As mentioned before, each oligosaccharide fraction obtained by gel
filtration or HPLC may constitute a mixture of several components, some of
which are present in very low amounts. To determine the changes
associated with RA-induced differentiation of F9 cells accurately, it is
necessary to be able to resolve these complex mixtures and to characterize
the individual components to identify individual glycosyltransferases altered
in their activities as a result of incubation of F9 cells in the presence of RA.
Lectins have been demonstrated to constitute a powerful tool to resolve
complex carbohydrate mixtures based on their ability to bind specific sugar
residues and to discriminate between different anomeric configurations.
Although used successfully in the characterization of the asparagine-linked
or O-linked oligosaccharide moieties in glycoproteins, their use had not
been widely extended to the characterization of glycolipid-derived
oligosaccharides. We used previously immobilized Helix pomatia_ agglutinin
(HPA) to demonstrate the decrease in Forssman glycolipid biosynthesis as a
result of the differentiation of F9 cells induced by RA (131). A concomitant 70
% decrease in the activity of the enzyme UDP-GalNAc:globoside-o1,3-N-

acetylgalactosaminyitransferase was also detected in crude extracts of RA/F9
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cells. The methods used to purify and characterize the Forssman glycolipid-
derived 3H-oligosaccharide were employed to characterize the SH-
oligosaccharides from F9 and RA/F9 cells. The general scheme for affinity
fractionation of glycolipid-derived neutral 3H-oligosaccharides from F9 and
RA/F9 cells is shown in Fig. 6 and 7, respectively.  The lack of significant
amounts of fucose associated with F9 and RA/F9 cells glycolipids provided
an additional advantage for the fractionation of glycolipid-derived 3H-

oligosaccharides.

4.6.1 Lectin Affinity Chromatography on Immobilized WFA

The neutral tetrasaccharide fraction obtained by HPLC was
concentrated and applied to a column of immobilized Wisteria floribunda
agglutinin (WFA) as described by Torres and Smith (175). This lectin binds
specifically to terminal 8-N-acetylgalactosaminyl residues. Fig. 8 shows the
elution profiles of the neutral tetrasaccharide fractions labeled with 3H-
galactose (A and B) or 3H-glucosamine (C and D). The major component in
all the fractions coeluted with authentic globoside-derived tetrasaccharide
(85 and 90 % in the fractions labeled with 3H-galactose and 3H-glucosamine,
respectively). No significant differences in the relative distribution of
radioactivity was observed within the 3H- tetrasaccharide fractions derived
from F9 or RA/F9 cells regardless of the 3H-monosaccharide precursor used
for labeling. However, when the data were normalized to radioactivity

incorporated per million of cells, a 4-fold increase in the incorporation of 3H-
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Clycolipid-derived neutral 3H-oligosaccharides from F9 cells metabolically-radiolabeled with 3H-
galactose were purified by serial lectin affinity chromatography as described under Experimental
Procedures. Fractions were pooled as indicated and are designated according to their order of elution
from the columns of immobilized lectins. All fractions were desalted and concentrated before
application to the next column in the series. Elution profiles were determined by counting aliquots of

the fractions for radioactivity. The specific lectin column used in each chromatographic step is
indicated on the paxis of each figure.

Figure 6: Serial Lectin Affinity Chromatography of Clycolipid-derived Neutral 3H-
oligosaccharides from F9 Celis
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Clycolipid-derived neutral 3H-oligosaccharides from RA/F9 cells metabolically-radiolabeled with 3H-

galactose were fractionated by serial lectin affinity chromatography as described under Experimental
Procedures and in the legend for figure 6.

Figure 7: Serial Lectin Affinity Fractionation of Clycolipid-derived Metabolically-
radiolabeled Neutral 3H-oligosaccharides from RA/F9 Cells
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galactose in this fraction was observed in differentiated F9 cells relative to
controls. A 1.6-fold decrease in the incorporation of 3H-glucosamine into the
bound tetrasaccharide fraction was observed in the differentiated relative to
undifferentiated F9 cells. Considering the dramatic increase in the
incorporation of 3H-galactose into lactosylceramide in RA/F9 cells (see
below), it is possible that the discrepancy in the incorporation observed with
the different radioactive monosaccharide precursors reflects the relative
activities of the p1,4-galactosyltransferase, o1,4-galactosyltransterase and
B1,3-N-acetylgalactosaminyltransferase responsible for the synthesis of
globoside tetrasaccharide. Upon incubation of F9 cells in the presence of
RA, the activity of the $1,4-galactosyltransferase may be enhanced so that
the amount of radiolabeled lactosylceramide increases in RA/F9 cells. Even
though the activities of the enzymes responsible for the synthesis of
globoside tetrasaccharide, namely the galactosyltransferase and the N-
acetylgalactosaminyltransferase, decreased 1.6-fold, the amount of
radiolabeled globoside tetrasaccharide with 3H-galactose would suffer no
change as the increased amount of radiolabeled lactosylceramide would
compensate for the decreased activities mentioned above. However, as the
incorporation of 3H-glucosamine into this fraction would occur at the terminal
N-acetylgalactosamine residue, a decrease in the activity of this
glycosyltransferase or the transferase responsible for the synthesis of the
trisaccharide precursor would become more evident and would be reflected
in the final incorporation of radioactivity into this component more drastically.

Alternatively, the results may reflect an increased turnover of globoside and
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CTH which could allow the rapid exchange of radiolabeled-sugar residues
with unlabeled-monosaccharide from the internal pools.

‘ The unbound and retarded fractions on immobilized WFA were
pooled, dried down under reduced pressure and further characterized by

affinity chromatography on immobilized Ricinus communis agglutinin-|
(RCA|) or by methylation analysis and total acid hydrolysis, respectively.

4.6.1.1 Methylation Analysis and Total Acid Hydrolysis of Globoside-
derived Tetrasaccharide

The tetrasaccharide fraction retarded on immobilized WFA was
desalted and subjected to total acid hydrolysis as described under
Experimental Procédures. The reaction products were then analyzed by
descending paper chromatography against authentic monosaccharide
standards (Fig. 9). Total acid hydrolysis of the 3H-galactose-labeled
tetrasaccharide fraction revealed the presence of galactose and glucose in a
ratio of 7.5 to 1 in F9 cells and 13.5 to 1 in RA/F9 cells (Fig. 9, A and B).
Hydrolysis of the fractions labeled with 3H-glucosamine revealed the
presence, exclusively, of galactosamine (Fig. 9, C and D).

The intact purified tetrasaccharides from both F9 and RA/F9 cells, were
reduced to the corresponding alditols with NaBH4, permethylated, and acid-
hydrolyzed as described under Experimental Procedures. Analyses of the
partially methylated 3H-monosaccharides by thin layer chromatography (Fig
10) were consistent with the presence of 2,4,6-tri-O-methylgalactose and
2,3,6-tri-O-methylgalactose in a 1:1 molar ratio, and 1,2,3,5,6-penta-O-
methylglucitol in the fractions derived from both, F9 and RA/F9 cells as
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The intact 3H-tetrasaccharide retarded by immobilized WFA (fractions b, fig. 8) were completely

hydrolyzed for 4 h in 4N HCl at 100°C and the products, analyzed by descending paper
chromatography as described under Experimental Procedures. |dentification of monosaccharide
components was performed by extracting 1 cm segments of the chromatograms with water and
counting for radioactivity. The positions of migration of authentic standards are indicated by the
arrows: 1, galactose; 2, glucose (Panels A and B); 3, galactosamine; 4, glucosamine (Panels C and D).
A and C are the 3H-tetrasaccharides obtained from F9 cells labeled with 3H-galactose or 3H-
glucosamine, respectively. 8and D are the corresponding fractions from RA/F9 cells.

Figure 9: Composition of Affinity-purified Cloboside-derived Oligosaccharides from F9
and RA/F9 Cells
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The globoside-derived affinity-purified tetrasaccharide from F9 cells (Panel a) or RA/F9 cells (Panel b)
cultured in the presence of 3H-galactose was reduced with NaBH,4, permethylated and acid

hydrolyzed.  The partially methylated 3H-monosaccharides were separated by thin layer
chromatography and identified by cochromatography with authentic standards. The positions of
migration of the standards are indicated as follows: (1), 2,6-di-O-methylgalactose; (2), 2,4,6-tri-O-
methylgalactose; (3), 2,3,6-tri-O-methylgalactose; (4), 2,3,4,6-tetra-O-methylgalactose; and (5),
1,2,3,5,6-penta-O-methylglucitol.

Figure 10: Methylation Analysis of Neutral 3H-galactose-labeled Globoside-derived
Tetrasaccharide from F9 and RA/F9 Cells
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determined by cochromatography with authentic partially methylated
standards. These results are consistent with the identity of globoside
tetrasaccharide (GalNAcB1,3Gala1,4Galg1,4Glc) as the fraction retarded by
immobilized WFA.

4.6.2 Affinity Chromatography of the WFA-unbound Tetrasaccharide
Fraction on Immobilized RCA;

The tetrasaccharide fractions eluting at the void volume from the WFA
column were desalted, dried down under vaccuum and applied to a column
of immobilized RCA| as described under Experimental Procedures. This
lectin binds with high affinity to terminal galactose residues. Furthermore, it
can discriminate between lacto-series isomers differing, exclusively, in the
linkage of the terminal galactosyl-residue to the penultimate N-
acetylglucosaminyl-residue. For instance, oligosaccharides containing a
type Il chain (Galg1,4GicNAc) core structure are bound more strongly than
those containing type | (Galg1,3GlcNAc) . Therefore, oligosaccharides
containing a type | chain are slightly retarded in their elution from an
immobilized RCA| column whereas those containing a type Il core are
retained considerably.

When the relative incorporation of 3H-galactose or 3H-glucosamine
into the fractions eluting from the RCA; column (Fig. 11) were compared, a 2-
fold increase in the incorporation of both 3H-monosaccharide precursors into
the fraction coeluting with lacto-N-tetraose (LNT) was observed. The
increased incorporation into this fraction was accompanied by a concomitant

2-fold decrease in the incorporation of either 3H-monosaccharide into the

87



CPM

CPM

CPM

CPM

0 20 40 60 80 100
FRACTION NUMBER (1.0 ML)

The WFA-unbound tetrasaccharide fractions (fractions a, fig. 8) were applied to a column of
immobilized RCA; (S mg of lectin/ml of gel) equilibrated in PBS at room temperature. 1 ml fractions

were collected at a flow rate of 8.5 mi/hr and aliquots were counted for radioactivity. a, b, and ¢,
indicate the order of elution from the column of a particular fraction. The void volume of the column
is indicated by the arrow. Panels A and C: WFA-unbound tetrasaccharides from F9 cells radiolabeled

with 3H-galactose or 3H-glucosamine, respectively. Panels B and C are the corresponding

tetrasaccharide fractions from RA/F9 cells cultured in the presence of 3H-galactose or 3H-
glucosamine, respectively.

Figure 11: RCA; Affinity Chromatography of Neutral Tetrasaccharides from F9 and
RA/F9 Cells
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fraction coeluting with lacto-N-neo tetraose (LNnT). In contrast, no significant
change in the incorporation of either precursor was observed in the fraction

eluting at the void volume.

46.2.1 Structural Characterization of the Oligosaccharides
Fractionated on Immobilized RCA;

The fractions eluting at the void volume were subjected to total acid
hydrolysis, as described previously, and the products were separated by
descending paper chromatography (Fig. 12). These analyses revealed the
presence of galactose and glucose in a ratio of 4:1 in F9 cells and 7:1 in
HA/FQ (Fig. 12, A and B). The same analyses of the corresponding fractions
labeled with 3H-glucosamine revealed the presence mainly of galactosamine,
although the presence of glucosamine was noticeable in 6:1 and 3:1 ratios in
F9 and RA/F9 cells, respectively (Fig. 12, C and D).

The intact tetrasaccharide fractions labeled with 3H-galactose were
reduced by treatment with NaBH4, permethylated and acid-hydrolyzed as
described previously. The partially methylated monosaccharides were then
identified by comigration with authentic partially methylated standards on
thin layer chromatograms. These results were consistent with the presence
of 2,4,6-tri-O-methylgalactose and 1,2,3,5,6-penta-O-methyiglucitol. The
structure of this oligosaccharide, if pure, remains unclear and may
correspond to an undescribed tetrasaccharide structure.

The analyses of the tetrasaccharide fractions retarded by immobilized

RCA1 were performed previously in this laboratory (not shown) and were

consistent with the presence of LNT (Galg1,3GIcNAcg1,3Gals1,4Glc) (Fig.
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The RCA|-unbound tetrasaccharide fraction (fig. 10, a) obtained from F9 and RA/F9 cells cultured in

the presence of 3H-galactose (A and B) or 3H-g|ucosamine (C and Dy were acid hydrolyzed and
applied to paper chromatography as described under £xperimental Procedures and in the legend for
fig. 9. The positions of migration of authentic standards are indicated as follows: 1, galactose; 2,

glucose; 3, galactosamine; and 4, glucosamine. Panels A (3H-galactose-labeled) and C (3H-
glucosamine-labeled) are the tetrasaccharides from F9 cells. Panels 8 and D are, in the same order,
the tetrasaccharides from RA/F9 cells.

Figure 12: Composition of RCAj-unbound tetrasaccharide (fraction a) from F9 and
RA/F9 Cells
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13) as the fraction slightly retarded in its elution from the column, and LNnT
(Galg1,4GIcNAc31,3Galg1,4Glc) as that retained with higher affinity by RCA;.
As mentioned above, RA induced a 2-fold decrease in the incorporation of
either 3H-monosaccharide precursor into LNnT which resulted in a
concomitant 2-fold increase in the incorporation into LNT. These results
suggest, then, that a decrease in the synthesis of type !l core-containing
glycolipids may accompany the differentiation of F9 cells with a concomitant
increase in the synthesis of type | core-containing structures. The validity of
this hypothesis requires further confirmation and the relevance of these
changes may need to be proved as these glycolipids represent minor

components of the entire glycolipid population synthesized by both cell lines.

46.3 Affinity Purification of the Neutral 3H-Disaccharide Fractions on
Immobilized RCA;

Disaccharides are major components of the neutral oligosaccharide
fractions derived from F9 and RA/F9 cells, constituting over 40 % of these
fractions as determined by the incorporation of 3H-galactose.  This is
consistent with the analysis of neutral glycolipids by thin layer
chromatography and the analyses of glycolipid-derived neutral 3H-
oligosaccharides by gel filtration and HPLC

- Fractionation of the disaccharide fraction by affinity chromatography
on immobilized RCA; (Fig. 14) showed that approximately 70 % of the
radioactivity was associated with lactose in the fractions derived from
undifferentiated F9 as well as RA/F9 cells. No significant changes in the
distribution of radioactivity within each fraction was observed in both cell
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The tetrasaccharide fraction slightly retarded in its elution from the RCA; column (fraction b, fig. 11)
was reduced with NaBH4, permethylated and acid hydrolyzed. The partially methylated hydrolysates

were separated by thin layer chromatography and identified as described in the legend for fig. 10.
The positions of migration of the standards are indicated as follows: (1), 2,6-di-O-methylgalactose;
(2), 2,4,6-tri-O-methylgalactose;  (3),  2,3,4-ri-O-methylgalactose; (4), 2,3,4,6-tetra-O-
methylgalactose; and, (5), 1,2,3,5,6-penta-O-methylglucitol. Panels a and b are the affinity-purified

tetrasaccharides obtained from F9 and RA/F9 cells, respectively, cultured in the presence of 3H-
galactose.

Figure 13: Methylation Analysis of Lacto-N-Tetraosylceramide-derived Tetrasaccharide
- from F9 and RA/F9 Cells
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The disaccharide fractions obtained from F9 (A) and RA/F9 (8) cells radiolabeled with 3H-galactose by
HPLC were applied to a column of immobilized RCA|-agarose (5 mg of lectin/ml of gel) equilibrated

in PBS at room temperature. 1 ml fractions were collected at a flow rate of 8.5 ml/hr and aliquots

were counted for radioactivity. Fractions are labeled a, b and ¢ according to their order of elution
from the column. The arrow indicates the void volume of the column.

Figure 14: RCA, Affinity Chromatography of Neutral Clycolipid-derived Disaccharides
from F9 and RA/F9 Cells
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lines. However, expressing the incorporation of 3H-precursor as radioactivity
per million of F9 or RA/F9 cells, a 4-fold increase in the incorporation of 3H-
galactose occurred in RA/F9 relative to F9 cells. Interestingly, nearly 30 % of
the radioactivity appeared associated with a fraction eluting at the void

volume.

4.6.3.1 Structural Analysis of the RCA;-bound 3H-Disaccharide
Fractions

The disaccharide fractions from F9 and RA/F9 cells retarded in their
elution by immobilized RCA; were pooled, desalted and concentrated for
structural analyses by total acid hydrolysis and permethylation as described
under Experimental Procedures. Descending paper chromatography of the
total acid hydrolysis products of the 3H-galactose-labeled disaccharide
fractions (Fig. 15) revealed the presence of galactose and glucose in a 4:1
ratio. This ratio in the distribution of radioactivity between galactose and
glucose may be interpreted as a measure of the epimerase reaction
responsible for the conversion of UDP-galactose into UDP-glucose, providing
that the internal pools of the unlabeled sugar nucleotides remain unchanged
in RA/FQ cells relative to controls. Based on these assumption, it can be
concluded that this epimerase activity remains unchanged upon RA-induced
differentiation. In some instances, the values of the galactose to glucose
ratios can be used to confirm the size of the glycolipid-derived
oligosaccharides since lactose contains one mol of glucose and one mol of
galactose. Incorporation of a second galactose residue enlarging the size of

the oligosaccharide chain would increase, theoretically, the ratio to 8:1.
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Affinity-purified disaccharide (fraction b, figure 14) from F3 (Panel A) and RA/F9 (Panel B) cells was
acid hydrolyzed and applied to paper chromatography as described under Experimental Procedures.
The identity of monosaccharide components was determined by cochromatography with authentic
standards as described in the legend for fig. 9. 1, galactose; and 2, glucose.

Figure 15: Composition of Affinity-purified, Lactosylceramide-derived Lactose from F9
and RA/F9 Cells
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Considering the tetrasaccharide fractions described previously, the ratio of
galactose to glucose in affinity-purified globoside tetrasaccharide from F9
cells increases to about 7:1. In contrast and unexpectedly, the ratio in RA/F9
cells doubled. This could be the result of an alteration in the metabolism
and turnover of globoside in RA/F9 cells reflected as a change in specific
activity.

Thin layer chromatography of the partially-methylated derivatives of
the F9 and RA/F9 disaccharide fractions after acid hydrolysis confirmed the
identity of lactose (Fig. 16). Cochromatography with authentic partiaily-
methylated standards revealed the presence of the products 2,3,4,6-tetra-O-
methylgalactose and 1,2,3,5,6-penta-O-methyiglucitol, consistent with the

structure of this diSaccharide (Galg1,4Glc).

4.6.4  Affinity Chromatography of the RCAj-unbound 3H-Disaccharide
Fractions on Immobilized GS-/

The glycolipid-derived 3H-disaccharide fractions eluting from the
column of immobilized RCA at the void volume were desalted, concentrated

and applied to a column of immobilized Griffonia simplicifolia-l (GS-l) (Fig.
17) as described by Wang et al. (186). GS-l is a family of isolectins which
bind- with high affinity to «-galactosy! residues located at the non-reducing

terminus of oligosaccharide chains. A disaccharide structure containing a

terminal, non-reducing oGal residue has been described in gala-series

glycolipids.
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The affinity-purified disaccharide fractions (fraction b, fig. 14) obtained from F9 (Pane/ a) and RA/F9

(Panel b) cells labeled with 3H-galactose were reduced, permethylated and acid hydrolyzed. The
partially-methylated derivatives were separated by thin layer chromatography and identified by
comigration with authentic standards as described under Experimental Procedures. The positions of
migration of partially-methylated standards are indicated as follows: (1), 2,6-di-O-methylgalactose;
(2), 2,4,6-tri-O-methyligalactose; (3), 2,3,6-ri-O-methylgalactose;  (4),  2,3,4,6-tetra-O-
methylgalactose; and, (5), 1,2,3,5,6-penta-O-methyiglucitol.

Figure 16: Methylation Analysis of Affinity-purified, Lactosylceramide-derived Lactose

from F9 and RA/F9 Cells
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The disaccharide fractions unbound to RCAq (fraction g, fig. 14) from F9 (Panel A) and RA/F9 (Panel

B) cells grown in the presence of 3H-ga|actose were applied to a column of immobilized CS-I-Con A-
Sepharose (10 mg of lectin/ml of gel) equilibrated in PBS at room temperature and allowed to stand
for 15 min before isocratic elution at a flow rate of 2.5 ml/hr. Aliquots from 0.25 ml fractions were

counted for radioactivity. Fractions are labeled a and b according to their order of elution from the
column.

Figure 17: CS-! Affinity Chromatography of Neutral Clycolipid-derived Disaccharide
Fractions from F9 and RA/F9 Cells
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GS-| affinity chromatography of the disaccharide fraction unbound to
the .RCA| column rendered two separate fractions. The distribution of
radioactivity within each of them was nearly identical in both F9 and RA/F9
cells, with 80 % concentrating in the unbound fraction. We were
unsuccessful in further characterizing this fraction. Elution of the retained
components did not require addition of haptenic sugar indicating that the
oligosaccharides contained within this fraction were unbranched. Total
hydrolysis and separation of the products by descending paper
chromatography indicated the presence mainly of galactose. Permethylation
and acid hydrolysis followed by thin layer chromatography of the reduced
oligosaccharides (Fig. 18) indicated the presence of 2,3,6-tri-O-
methylgalactose,‘ 2,3,4,6-tetra-O-methylgalactose and 1,2,3,5,6-penta-O-
methylglucitol which would be consistent with the structure of the CTH-
deri\)ed trisaccharide (Galo1,4Galg1,4Glc) that also binds to immobilized GS-
I. These results may be the result of contaminating trisaccharide in this
fraction. The presence of the terminal non-reducing and internal galactose
residues in a 1:1 ratio may rule out the presence of Galx1,4Galg1-1Cer in
these cell lines. The relative concentration of CTH appears to be very low, in
agreement with the analysis of neutral glycolipids by thin layer
chromatography. Compositional analyses revealed only the presence of
negligible amounts of glucose relative to galactose in the isolated
oligosaccharides. Furthermore, the ratio of galactose to glucose seems to
be 5-fold higher than the one determined for lactose. These results may

indicate then, a rapid conversion of the trisaccharide into globoside and/or a
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The CS-l-bound oligosaccharide fractions (b, fig. 17) from F9 (Panel a)and RA/F9 (Panel b) cells
radiolabeled with 3H-galactose were reduced, permethylated and acid hydrolyzed. Analysis of the

partially-methylated 3H-monosaccharides by thin layer chromatography indicated the presence of a
contaminating trisaccharide in these fractions. The partially-methylated derivatives were identified by
cochromatography with authentic standards which positions of migration are indicated as follows:
(1), 2,6-di-O-methylgalactose; (2), 2,3,6-tri-O-methylgalactose; (3), 2,4,6-tri-O-methylgalactose; (4),
2,3,4,6-tetra-O-methylgalactose; and, (5), 1,2,3,5,6-penta-O-methylglucitol.

Figure 18: Methylation Analysis of Globotriaosylceramide(CTH)-derived Trisaccharide
from F9 and RA/F9 Cells
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rapid turnover of this compound, resuiting in a low accumulation of

radiolabeled glycolipid.

46.5 Lectin Affinity Fractionation of Neutral Glycolipid-derived
SH-Pentasaccharide Fractions

The neutral pentasaccharide fractions from F9 and RA/F9 cells
separated by HPLC were pooled, concentrated and applied to a column of
immobilized HPA as described by Torres et al. (175) and Clark et al. (131) to
remove the Forssman pentassaccharide
(GalNAca1,3GalNAcg1,3Gala1,4Galg1,4Glc). Over 95 % of the radioactivity
as 3H-galactose or 3H-glucosamine incorporated into these fractions eluted
at the void volume and was not bound by the HPA column. The results
obtained with the bound fraction, corresponding to Forssman
pentasaccharide, were consistent with the relative decrease in the
incorporation of either 3H-precursor reported previously (131) in RA/F9 cells
(not shown).

The HPA-unbound pentasaccharide fractions were further analyzed by
their ability to bind to immobilized GS-I (Fig. 19) as described under
Experimental Procedures. A 1.5-fold increase in the incorporation of SH-
galactose was observed in the fraction retarded in its elution from the column
derived from RA/F9 cells relative to F9 controls. Correspondingly, a 1.5-fold
decrease in the incorporation of this precursor was observed in the fraction
eluting at the void volume derived from the differentiated cells. The

corresponding fractions labeled with 3H-glucosamine showed a 3-fold
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Neutral glycolipid-derived pentasaccharides from F9 and RA/F9 cells were applied to a column of
immobilized HPA (9 mg of lectin/ml of gel) as described by Clark et al. (131). The unbound fractions
were pooled, desalted and applied to a column of immobilized CS-I-Con A-Sepharose (10 mg of
lectin/ml of gel) equilibrated with PBS at room temperature. The samples were allowed to stand for
15 min before elution at a flow rate of 2.5 ml/hr. Aliquots from 0.25 mi fractions were counted for
radioactivity. Panels A and C are the HPA-unbound pentasaccharides from F9 cells radiolabeled with

3H-galactose and 3H-giucosamine, respectively. Panels 8 and D are, in the same order, the
corresponding fractions obtained from RA/F9 cells. Inset. HPA-affinity chromatography of glycolipid-
derived pentasaccharides from F9 and RA/F9 cells. The bound fraction (Forssman pentasaccharide)
was eluted by addition of 1 mg/ml CalNAc in PBS (indicated by the arrows).

Figure 19:

Affinity Chromatography of Clycolipid-derived Neutral Pentasaccharides on
Immobilized CS-
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increase in the relative incorporation into the bound fraction in RA/F9 cells
relative to F9. Concomitantly, a 1.5-fold decrease in the unbound fraction
was observed. Elution of the fractions from the GS-I column did not require
the addition of haptenic sugar. Thus, it is assumed that the structures
contained in the bound fractions are linear. Based on these results , one can
postulate that an «-galactosyltransferase activity may be induce in RA/F9
cells which would agree with the observations reported by Cummings et al.

(34) using glycopeptides derived from F9 and RA/F9 cells.

4.6.5.1 Structural Analysis of the GS-I-bound 3H-Pentasaccharide Fraction

The pentasaccharide fractions bound by GS-| were pooled, desalted,
concentrated and subjected to total acid hydrolysis as described under
Experimental Procedures. Analysis of the hydrolysates by descending paper
chromatography (Fig. 20) confirmed the presence of galactose and glucose
in 15:1 and 16:1 ratios in F9 and RA/F9 cells, respectively, indicating 3
putative galactosyl-residues as constituents of the pentasaccharide chains.
Analysis of the 3H-glucosamine-labeled fractions derived from both types of
cells indicated the presence, exclusively, of glucosamine.

After reduction of the intact pentasaccharide fractions with NaBHg,
they were permethylated, acid hydrolyzed, and the products analyzed by
thin layer chromatography. Cochromatography with authentic partially-
methylated standards (Fig. 21) confirmed the presence of the products 2,4,6-
tri-O-methylgalactose and 2,3,4,6-tetra-O-methylgalactose in approximately a
ratio of 2:1, and 1,2,3,5,6-penta-O-methylglucitol consistent with the structure
Gala1,3Galg1,?GlcNAcs1,3Galg1,4Glc for the GS-1 bound pentasaccharide.
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The affinity-purified pentasaccharides (fraction b, fig. 19) obtained from F9 and RA/F9 cells were acid-
hydrolyzed and applied to paper chromatography for identification of monosaccharide components
as described under Experimental Procedures. The positions of migration of standard
monosaccharides are indicated as follows: 1, galactose, and 2, glucose (Panels A and 8). 3,
galactosamine, and 4, glucosamine (Panels Cand D). A and C are the fractions purified from F9 cells

grown in the presence of 3H-galactose or 3H-glucosamine, respectively. B and D are the
corresponding fractions from RA/F9 cells.

Figure 20: Compositional Analysis of GS-I-Bound Pentasaccharide from F9 and RA/F9
Cells
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The CS-I-bound pentasaccharide (fraction b, fig. 13) obtained from F9 (Panel a) and RA/F9 (Panel b)

cells cultured in the presence of 3H-galactose were reduced, permethylated and acid-hydrolyzed as
described under Experimental Procedures. The partially-methylated products were analyzed by thin
layer chromatography and identified by their comigration with authentic standards. The positions of
migration of partially-methylated standards are indicated as follows: (1), 2,6-di-O-methylgalactose;
(2, 2,4,6-tri-O-methylgalactose;  (3),  2,3,6-tri-O-methylgalactose; (4), 2,3,4,6-tetra-O-
methylgalactose; and (5), 1,2,3,5,6-penta-O-methylglucitol.

Figure 21: Methylation Analysis of GS-! Affinity-purified Pentasaccharide from F9 and

RA/F9 Cells
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Structural analyses of the GS-l unbound pentasaccharide fractions
were inconclusive. Paper chromatography of the 3H-ga|actose-labeled
pentasaccharide after total acid hydrolysis revealed the presence of
galactose and glucose in a 10:1 ratio in F9 cells and in a 15:1 ratio in RA/F9
cells (not shown). Based on the galactose to glucose ratios obtained for
lactose, these results suggested the presence of 3 galactosyl residues in the
oligosaccharide chain. Compositional analysis of the fractions labeled with
3H-glucosamine showed the presence of galactosamine and glucosamine in
a 1:1 molar ratio suggesting that the GS-| unbound pentasaccharide fraction
was constituted by an equimolar mixture of 2 pentasaccharides containing
either glucosamine or galactosamine. Permethylation followed by total
hydrolysis of the reduced fractions indicated the presence of the products
2,6-di-O-methylgalactose, 2,4,6-tri-O-methylgalactose, 2,3,4,6-tetra-O-
methylgalactose and 1,2,3,5,6-penta-O-methyliglucitol as determined by
cochromatography with authentic standards on thin layer chromatograms.
The presence of so many partially-methylated derivatives supports the idea
of the fraction consisting of a mixture of several oligosaccharides. However,
some other complex structures containing both glucosamine and
galactosamine, have been described (158), some of them containing
branched galactosyl residues. To resolve these mixtures, further lectin

affinity chromatographic steps are necessary.

106



46.6 Analysis of Higher Molecular Weight Glycolipid-derived Neutral
3H-Oligosaccharides

" Analyses of higher molecular weight glycolipid-derived
oligosaccharide fractions were inconclusive. Hexaséccharide fractions were
not completely purified from RA/F9 cells labeled with 3H-galactose.
Nevertheless, the corresponding fractions labeled with 3H-glucosamine
showed an increase in the incorporation of radioactivity by an
hexasaccharide fraction retarded by GS-1 (not shown). Compositional
analysis of the 3H-galactose-labeled hexasaccharide fraction bound by
immobilized GS-l indicated the presence of galactose and glucose.
However, an unidentified component, migrating on descending paper
chromatography féster than glucose, was also present (not shown). Analysis
of the same material labeled with 3H-glucosamine indicated the presence of
glucosamine in this fraction (not shown). Permethylation and acid hydrolysis
of the reduced intact hexasaccharide revealed the presence of the products
2,4,6-tri-O-methyigalactose, 2,3,4,6-tetra-O-methylgalactose and 1,2,3,5,6-
penta-O-methylglucitol on thin layer chromatograms (not shown). Although
these results did not clarify the identity of such hexasaccharide, the
presence of a fucose residue linked to an internal N-acetylglucosaminyl
residue would be consistent with such pattern.

Analysis of the GS-I unbound hexasaccharide fraction labeled with 3H-
galactose and derived from F9 cells indicated the presence of galactose and
glucose. Identical analysis of the same fractions labeled with 3H-
glucosamine from both cell lines, indicated the presence of galactosamine

and glucosamine (not shown). The ratio of glucosamine to galactosamine
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increased from 0.5:1 to 1:1 in RA/F9 relative to control F9 cells. This range in
the hexosamines ratios suggests the presence of a mixture of
oligosaccharides in these fractions. Thin layer chromatography of the
partially methylated derivatives revealed the presence of 2,4,6-tri-O-
methylgalactose, 2,3,4,6-tetra-O-methylgalactose and 1,2,3,5,6-penta-O-
methylglucitol (not shown). The resolution of these oligosaccharide
structures would require further affinity purification of the fractions to clarify
alterations in their biosynthesis associated with RA-induced differentiation.
The only conclusions that can be drawn are that: 1) biosynthesis of higher
molecular weight glycolipid-derived oligosaccharide species decreases upon
differentiation, 2) that an apparent increase in «-galactosyltransferase activity
is likely to occur in the differentiated vceII line, although the decrease in
synthesis of higher molecular weight components may be limiting the
availability of substrates for this transferase, and 3) a decrease of lacto-series
glycolipids may be occurring being consistent with the observations
described in the tetrasaccharide fractions. Incorporation of 3H-galactose and
3H-glucosamine into neutral glycolipid-derived 3H-oligosaccharides is

summarized in Table 5.

46.7 Lectin Affinity Fractionation of Ganglioside-derived Monosialyl-
[3H]Oligosaccharides on Immobilized MAL

lon exchange chromatography on DEAE-cellulose of ganglioside-
derived monosialyl-3H-oligosaccharides yielded three major fractions from
F9 cells and two from RA/F9 cells. These were pooled, desalted and

concentrated and applied to a column of immobilized Maackia amurensis
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lectiﬁ (MAL) (Fig. 22 and 23) as described under Experimental Procedures.
This lectin has been reported to retard the elution of oligosaccharides
bearing terminal non-reducing sialic acid linked «2,3- to type Il chain-
containing structures (NeuAca?2,3Galg1,4GicNAc...) with the isomers
containing sialic acid linked «2,6, eluting at the void volume (187).

Application of the fractions coeluting with 3’- and 6'-sialyllactoses after
chromatography on DEAE-cellulose, yielded a fraction that eluted at the void
volume in both F9 and RA/F9 cells (Fig. 24), indicating the absence of
oligosaccharides featuring the structural requirements mentioned above.
This behavior was identical for fractions labeled with either 3H-galactose or
3H-glucosamine. Chromatography on immobilized Sambucus nigris
agglutinin (SNA) was consistent with the absence of oligosaccharides
containing terminal non-reducing N-acetylneuraminyl residues linked 2,6 to
galactosyl or N-acetylgalactosaminyl residues within these fractions. The
fractions labeled with 3H-galactose were pooled, concentrated and acid
hydrolyzed. The products of hydrolysis were separated by descending
paper chromatography and confirmed the presence of galactose and
glucose labeled in a 5:1 ratio (Fig. 25). This ratio was almost identical to that
obtained for lactose in both cell lines.

The intact oligosaccharides were reduced by treatment with NaBHg4,
permethylated and acid hydrolyzed as described under Experimental
Procedures. The partially-methylated hydrolysates were identified by co-
chromatography with authentic standards on thin layer plates. The results
(Fig. 26) indicated the presence of 2,4,6-tri-O-methylgalactose and 1,2,3,5,6-

penta-O-methylglucitol consistent with the structure of 3'-sialyllactose,
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The ganglioside-derived monosialyl-{3H]oligosaccharides from F9 cells cultured in the presence of

3H-galactose were separated by anion exchange chromatography on DEAE-cellulose (fig. 5) and
fractionated on a column of immobilized MAL-Con A-Sepharose (15 mg of lectin/ml of gel)
equilibrated in PBS at room temperature as described under E£xperimental Procedures. The
oligosaccharides were allowed to stand for 15 min before their elution at a flow rate of 5 mi/hr.
Aliquots from 0.5 ml fractions were taken and counted for radioactivity.

Figure 22: Affinity Chromatography Fractionation of Ganglioside-derived Monosialyl-
(3H]oligosaccharides from F9 Cells on Immobilized MAL
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Canglioside-derived monosialyl-{3H]oligosaccharides derived from RA/F9 cells were separated by
anion exchange chromatography on DEAE-cellulose (Pane/ B, fig. 5) and fractionated on a column of
immobilized MAL as described under Experimental Procedures and in the legend for fig. 22.

Figure 23: Lectin Affinity Fractionation of Canglioside-derived Monosialyl-
(3H]oligosaccharides from RA/F9 Cells on Immobilized MAL
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Fraction ¢ from fig. 5, 22 and 23 derived from F9 and RA/F9 cells grown in the presence of 3H-
galactose were applied to a column of immobilized MAL as described under E£xperimental
Procedures. Fractions of 0.5 ml were collected and aliquots counted for radioactivity. Panel A is the

elution profile of monosialyd-[3H]oligosaccharides from F9 cells. Panel B is the elution profile of the
corresponding fraction obtained from RA/F9 cells.

Figure 24: MAL Affinity Chromatography of CMq-derived 3'-Sialyllactose from F9 and
RA/F9 Cells
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The intact MAL affinity-purified, CM3-derived sialyllactose obtained from F9 (Panel A) and RA/F9

(Panel B) cells cultured in the presence of 3H-galactose was acid hydrolyzed and applied to paper

chromatography as described under Experimental Procedures. Component 3H-monosaccharides

were identified by cochromatography with authentic standards which positions of migration are
indicated as follows: 1, galactose; and 2, glucose.

Figure 25: Compositional Analysis of CM3-derived Sialyllactose from F9 and RA/F9 Cells
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Intact affinity-purified 3’-sialyllactose from F9 (Panel a) and RA/F9 (Panel b) cells cultured in the

presence of 3H-ga|actose was reduced, permethylated and acid hydrolyzed as described under
Experimental Procedures. The partially-methylated hydrolysates were separated by thin layer
chromatography and identified by their comigration with authentic standards as follows: (1), 2,6-di-O-
methylgalactose; (2), 2,4,6-tri-O-methylgalactose; (3), 2,3,6-tri-O-methylgalactose; (4), 2,3,4,6-tetra-
O-methylgalactose; and (5), 1,2,3,5,6-penta-O-methyiglucitol.

Figure 26: Methylation Analysis of CM3-derived 3’-Sialyllactose from F9 and RA/F9
Cells
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NeuAca2,3Galg1,4Glc, derived from GMg3. Further confirmation of this

structure would require methylation analysis of the asialo-derivative. Based
on these analyses, it can be concluded that differentiation of mouse F9

teratocarcinoma cells is accompanied by a subétantial increase in the
synthesis of GM3.

4.6.7.1  Fractionation of Ganglioside-derived Monosialy!-[3H]
Tetrasaccharides on Immobilized MAL

The fractions corresponding to sialyl-3H-tetrasaccharides from F9 and
RA/F9 cells after their elution from DEAE-cellulose were processed and
separated on immobilized MAL (Fig. 27) as described under Experimental
Procedures. Roughly, a 1.5-fold decrease in the incorporation of 3H-
galactose into the fraction retarded by MAL was determined. A concomitant
1.5-fold increase in that eluting from the column at the void volume was
observed, correspondingly.  Similar results were obtained with the
tetrasaccharide fractions labeled with 3H-glucosamine. A 1.4-fold decrease
in the incorporation of this SH-precursor into the fraction bound by MAL was
observed. The differences in the distribution of radioactivity between the
unbound fractions derived from F9 and the differentiated derivatives were not,
however, as dramatic. Although an increase in the incorporation of 3H-
glucosamine into the fraction derived from RA/F9 cells was observed to some
extent.

~ The fractions bound by immobilized MAL were subjected to total acid
hydrolysis as described previously and the hydrolysates, analyzed by
descending paper chromatography (Fig. 28). The fractions labeled with 3H-
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Monosialyltetrasaccharide fractions (fraction b, fig. 5) from F9 and RA/F9 cells were fractionated on
immobilized MAL as described under Experimental Procedures. 0.5 ml fractions were collected at a
flow rate of 5 ml/min and aliquots were counted for radioactivity. Panels A and C are the elution

profiles of monosialytetrasaccharides from F9 cells grown in the presence of 3H-galactose or 3H-

glucosamine, respectively. Panels B and D are, in the same order, the corresponding fractions
derived from RA/F9 cells.

Figure 27: MAL Affinity Chromatography of Canglioside-derived Monosialyi-
[3H]Tetrasaccharides from F9 and RA/F9 Cells
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The MAL-bound tetrasaccharide (fraction b, fig.27) was acid hydrolyzed and applied to descending
paper chromatography for identification of monosaccharide components as described under
Experimental Procedures. Panels A and C correspond to the sialyltetrasaccharides from F9 cells

radiolabeled with 3H-galactose or 3H-glucosamine, respectively. The corresponding fractions from
RA/FQ cells are shown in panels B and D. The positions of migration of authentic standards are
indicated as follows: 1, galactose; 2, glucose; 3, galactosamine; and, 4, glucosamine.

Figure 28: Composition of Affinity-purified Sialylparagloboside-derived Sialyllacto-neo-

tetraose from F9 and RA/F9 Cells

119



galactose revealed the presence of galactose and glucose in a ratio of 6:1
and 9:1 in F9 and RA/F9 cells, respectively. On the other hand, those labeled
with 3H-glucosamine incorporated this precursor, exclusively in
glucosaminyl-residues.

The intact 3H-galactose-labeled tetrasaccharides were reduced,
permethylated and acid hydrolyzed. The partially-methylated derivatives
were identified by cochromatography with authentic standards on thin layer
plates indicating the presence of 2,4,6-tri-O-methylgalactose and 1,2,3,5,6-
penta-O-methylglucitol in a 2:1 molar ratio (Fig. 29). These results are
consistent with the structure of sialylparagloboside,
NeuAca2,3Galg1,4GIcNAc1,3Gals1,4Gle, as the component bound by
immobilized MAL.

The same protocol was followed to determine the structure of the
unbound fraction. Compositional analysis of the 3H-galactose-labeled
fractions from F9 and RA/F9 cells revealed the presence of galactose and
glucose in a 12:1 ratio confirming the presence of 2 galactosyl residues in the
oligosaccharides contained in these fractions (Fig. 30, A and B). Analysis of
the fractions labeled with 3H-glucosamine indicated, however, the presence
of galactosamine and glucosamine (Fig. 30, C and D). The ratio between
these two hexosamines increased 3-fold in RA/F9 cells relative to F9 controls
reducing the amount of glucosamine to negligible amounts. These results
suggested, therefore, that more than one component was included within this
fraction, and the one containing in its structure an N-acetylglucosaminyl

residue decreased significantly in the differentiated cells.
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The intact affinity-purified sialylparagloboside-derived 3H-oligosaccharide from F9 (Panel A) and

RA/F9 (Panel B) metabolically-radiolabeled with 3H-galactose was reduced, permethylated and acid
hydrolyzed as described under £xperimental Procedures. The partially-methylated products were
analyzed by thin layer chromatography and identified by comigration with authentic standards as
described previously. The positions of migration of partially-methylated 3H-monosaccharides are
indicated as follows: (1), 2,6-di-O-methylgalactose; (2), 2,4,6-tri-O-methylgalactose; (3), 2,3,6-tri-O-
methylgalactose; (4), 2,3,4,6-tetra-O-methylgalactose; and (5), 1,2,3,5,6-penta-O-methylglucitol.

Figure 29: Methylation Analysis of Affinity-purified Sialylparagloboside-derived
Sialyllacto-neo-tetraose from F9 and RA/F9 Cells
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MAL-unbound sialyltetrasaccharide fraction (fraction a, fig. 27) from F9 and RA/F9 cells was acid
hydrolyzed and applied to paper chromatography as described under Experimental Procedures.

Individual 3H-monosaccharides were identified by cochromatography with authentic standards: 1,
galactose; 2, glucose (Panels A and B); 3, galactosamine; and 4, glucosamine (Panels C and D).

Panels A and C correspond to the fractions derived from F9 cells radiolabeled with 3H-galactose and

3H-glucosamine, respectively. Panels B and D are, in the same order, the corresponding fractions
obtained from RA/F9 cells.

Figure 30: Composition of MAL-unbound Sialyl-[3H]tetrasaccharide Fraction
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Methylation analysis of this fraction derived from both cell lines was
performed as indicated in the Methods section. The products derived from
the F9 fraction indicated the presence of 2,6-di-O-methylgalactose, 2,4,6-tri-
O-methylgalactose and 2,3,4,6-tetra-O-methylgalactose in a 2:1:1 molar ratio,
and 1,2,3,5,6-penta-O-methylgiucitol (Fig. 31, a). Consistent with these
results and those from the compositional analysis (2:1 ratio of galactosamine
to glucosamine), this fraction may be constituted by 66 % GM;y,
Galg1,3GalNAcg1,4[NeuAca2,3]Galg1,4Glec, and 33 % lacto-
sialyltetrasaccharide a (LsTy), NeuAcco2,3Galg1,3GlcNAcs1,3Galg1,4Glc.
On the other hand, over 85 % of this fraction corresponded to GMq in RA/F9

cells. Thin layer chromatography of the partially-methylated derivatives of
this fraction revealed mainly the presence of 2,6-di-O-methylgalactose and
2,3,4,6-tetra-O-methylgalactose in nearly 1:1 molar ratio, and 1,2,3,5,6-penta-
O-methylglucitol (Fig. 31, b).

Based on the data presented above one can draw several

conclusions. RA-induced differentiation of F9 cells is accompanied by a
significant increase in the synthesis of GMy. Conversely, the synthesis of

lacto-series gangliosides, namely sialylparagloboside and LsTj is severely

depleted. Differentiation of F9 teratocarcinoma cells may involve a switching
in the synthesis of lacto- and globo-series glycolipids to ganglio-series based
on the evidence presented for neutral and monosialyl-3H-oligosaccharides.
These observations are in agreement with previous reports on different cell
lines (164-166). This increase in the synthesis of ganglio-series glycolipids
may involve an increase in the activity of an «o?2,3-sialyltransferase and

possibly, the N-acetylgalactosaminyltransferase responsible for the
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The MAL-unbound sialyltetrasaccharides from F9 (A) and RA/F9 (8) cells cultured in the presence of

3H-galactose were reduced, permethylated and acid hydrolyzed as described previously. The
products were analyzed by thin layer chromatography and identified by cochromatography with
authentic standards. These analyses revealed the presence of two components, presumably CM1
and ST}, (see text) in F9 cells. Mainly one component, CM4, can be distinguished in RA/F9 cells. The
positions of migration of the standards are indicated as follows: (1), 2,6-di-O-methylgalactose; (2),
2,4,6-tri-O-methylgalactose; (3), 2,3,6-tri-O-methylgalactose; (4), 2,3,4,6-tetra-O-methylgalactose;
and (5), 1,2,3,5,6-penta-O-methylglucitol.

Figure 31: Methylation Analysis of MAL-unbound Sialyl-[3H]tetrasaccharides from F9
and RA/F9 Cells
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elongation of the oligosaccharide chains. Concomitantly, it is likely that the
activity of the N-acetylglucosaminyltransferase responsible for the elongation
of lacto-structures is decreased upon differentiation. | However, these results
have to be taken with reservations because, in some instances, pure
components were not analyzed. Moreover, the activities of
glycosyltransferases present in the extracts of both cell lines need to be

compared and correlated with the structural analyses described hereby.

4.6.7.2 Lectin Affinity Fractionation of High Molecular Weight Ganglioside-
derived Monosialyl-[3H]Oligosaccharides

" Differentiation of F9 cells induced by RA involves a decrease in the
synthesis of high molecular weight ganglioside-derived monosialyl-3H-
oligosaccharide species. In RA/F9 cells this constitutes but a minor fraction
of the total population of monosialyl-3H-oligosaccharides in comparison to
F9. Affinity chromatography on immobilized MAL yielded two major fractions
in both cell lines that were labeled with either 3H-galactose or 3H-
glucosamine (Fig. 32). In F9 cells, the fraction bound by MAL contained over
60% of the radioactivity incorporated into the total fraction (Fig. 32, A).
Approximately, a 1.5-fold decrease in the incorporation of 3H-galactose into
this fraction was 6bserved in the differentiated cells relative to undifferentiated
controls (Fig. 32, B). Correspondingly, a 1.4-fold increase in the
incorporation of this precursor was observed in the unbound fraction. When
comparing the distribution of radioactivity into the fractions labeled with 3H-
glucosamine no significant changes were detected (Fig. 32, C and D).

However, the high molecular weight monosialyl-[3H]oligosaccharide fraction
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High molecular weight sialyloligosaccharide fractions (fractions 3, fig. 5) from metabolically-labeled
F9 and RA/F9 cells were fractionated on immobilized MAL as previously described. Aliquots from 0.5
mi fractions were counted for radioactivity. The elution profiles for the fractions derived from 9 cells

labeled with either 3H-galactose or 3H-glucosamine are shown in panels A and C, respectively.
Those corresponding to RA/F9 cells are shown in panels 8 and D.

Figure 32: MAL Affinity Chromatography of High Molecular Weight, Canglioside-derived

Monosialyl-(3H]oligosaccharides from 9 and RA/F9 Cells
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derived from RA/F9 decreased as a whole in the differentiated cells relative to
F9. The decrease in the incorporation of 3H-galactose into the bound
fraction derived from RA/F9 cells further supports the hypothesis of a
decrease in the biosynthesis of lacto-series glycolipids upon differentiation
induced by RA. The oligosaccharides composing the bound and unbound
fractions need further purification and characterization to clarify whether the
fraction eluting at the void volume contains mainly ganglio-series glycolipids.
Incorporation of 3H-galactose and 3H-glucosamine into ganglioside-derived

monosialyl-[3H]oligosaccharides is summarized in Table 6.
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TABLE 7

GLYCOSPHINGOLIPIDS SYNTHESIZED BY MOUSE F9 AND RA/F9 CELLS

Component Structure
Gala-series
GalCer Gal31,1Cer
Hemato-series
Glcf1,1Cer
GlcCer Gal31A4Glcf31,1Cer
LacCer
Lacto-series
Gal1,4GIlcNAc31,3Gal 51,4Glc31,1Cer
L&g&iﬁi’ Gal813GIcNAc1,3Gal 81,4Glc31,1Cer
Gal-LNnTOseCer GaIO(1,3Gal/31,4G1cNAc/31,3(3alﬂl,4G1c,8l,lCer
Sialyl-LNnTOseCer NeuAcaZ,SGalﬂl,4GlcNAcﬁ1,3Galﬂl,4Glc,6’l,1Cer
LsT, NeuAca2,3Gal81,3GIcNAc31,3Gal 81,4Glc81,1Cer
Globo-series
GbOseCer Gala1,4Gal 81,4Glc1,1Cer
GbyOseCer GalNAcf1,3Gala1,4Gal 81 4Glc31,1Cer
GbsOseCer GalNAca1,3GalNAc31,3Galax1,4Gal 31,4Glc31,1Cer
Ganglio-series
GM3 NeuAco2,3Gal 81,4Glc81,1Cer
GM; GalNAc31,4[NeuAca2,3]Gal 81,4Glc81,1Cer
GM; Gal31,3GalNAcf14[NeuAca2,3]Gal 81,4Glc31,1Cer

Abbreviations: Cal, D-galactose; Glc, D-glucose; CIcNAc, D-N-acetyiglucosamine; Cal/NAc, D-N-
acetylgalactosamine; NeuAc, Neuraminic acid; Cer, Ceramide; LacCer, Lactosylceramide; LNnTOse,
Lacto-N-neo-tetraose; LNTOse, Lacto-N-tetraose; x Cal-LNnTOse, cxCalactosyl-Lacto-N-neo-tetraose;
sialyl-LNnTOse, Sialylparagloboside; LsT, Lacto-sialyltetrasaccharide a; Cb3Ose, Globotriaose or

CTH; Gb4Ose, globoside; Gb5O0se, Forssman pentasaccharide
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\4
CONCLUSIONS

The work presented in this thesis represents a successful and clear
application of methodology developed in our laboratory over the past several
years by a number of researchers. Metabolic radiolabeling of cells in culture, in
combination with lectin affinity chromatography and classical analytical
techniques, has allowed us to isolate and characterize a number of
glycosphingolipid-derived oligosaccharides actively synthesized by mouse F9.
teratocarcinoma cells and catch a glimpse of some of the changes in their
biosynthesis associated with RA-induced differentiation. It is however,
pertinent to mention that their relevance in mouse or human embryogenesis
remains unclear. The techniques used herein have proven to be powerful in
determining the structure of a number of glycolipid-derived oligosaccharides
and offer, with further development, the opportunity for unequivocal and
unambiguous assignment of carbohydrate structures. In this regard, metabolic
radiolabeling may compete with mass spectrometry and nuclear magnetic
resonance, with the former having the advantage of requiring minimal amounts
of material.

The literature concerning the biological significance of glycoconjugates
continues to increase very rapidly and there are many examples of changes in
glycolipid expression associated with cell differentiation and development (13,
26, 119, 121, 123, 124, 126-128, 131, 148-152, 157, 158, 160-166). Their role in
growth regulation and in the modulation of receptor function appears to be

prominent as well (167-171). In this context, the changes in glycolipid
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expression associated with F9 differentiation into the RA/F9 phenotype agree
with previous reports by a number of authors.

Previous work in our laboratory demonstrated a decrease in the
biosynthesis of Forssman glycolipid which paralleled a 70% decrease in the
activity of the enzyme UDP-GaiNAc:Gb4OseCer-o1,3-N-
acetylgalactosaminyltransferase. These results were consistent with previous
immunological studies using anti-Forssman glycolipid monoclonal antibodies
(129). Overlay of neutral glycolipids extracted from F9 cells and F9 cells
cultured in the presence of RA separated on thin layer chromatograms with
125-Helix pomatia agglutinin, however, indicated no significant decrease in the
binding of the lectin over a period of ten days (not shown). This lectin should
bind exclusively to Forssman glycolipid as no other pentaosyl- or
hexaosylceramide containing a  non-reducing terminal  «1,3-N-
acetylgalactosaminyl- determinant was identified in metabolically-radiolabeled
F9 or RA/F9 cells. This apparent controversy can be resolved if a slow turnover
of this glycosphingolipid is considered. [n this context, metabolic radiolabeling
with radioactive monosaccharides should detect those glycosphingolipids
actively synthesized by the control cells and the differentiated progeny. An
increase in glycolipid biosynthesis should also contribute to a change in
crypticity of the Forssman antigen thus decreasing the immunoreactivity
previously observed. Therefore it is reasonable to propose that RA-induced
differentiation of F9 cells results in an increased glycosphingolipid biosynthesis
accompanied by a change in crypticipity at the plasma membrane and a
decrease in o1,3-N-acetylgalactosaminyltransferase. The down-regulation of

this glycosyltransferase would then promote the slow disappearance of the
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Fors_sman antigen observed in F9 cultures exposed to the retinoid for prolonged
periods of time. Furthermore, a decrease in this glycolipid would result in the
accumulation of globoside precursor should it not be used for the synthesis of
elongated globo-series components. The resuilts, in fact, support this
hypothesis. A significant increase in the synthesis of globoside was observed
in differentiated relative to undifferentiated F9 controls (Table 5). Nevertheless,
a clear picture of the series of alterations in the expression of
glycosyltransferases cannot be drawn at this moment. In the first place,
differentiation of F9 cells resulted in a decrease in the biosynthesis of high
molecular weight (above 5 sugar residues) glycolipid-associated neutral
oligosaccharides. Secondly, the fold increase in globoside synthesis reflects
the decrease in Forssman antigen and the increase in biosynthesis of
glycésphingolipids in RA/F9 cells (if one assumes no changes in the uptake of
radioactive precursors or the intracellular sugar nucleotide pools). And thirdly,
the change in glycosphingolipid turnover accompanying F9 differentiation
remains undetermined, although some evidence may indicate its increase for
several components.

The affinity purification and structural analysis of some other compounds
revealed that a switch in the synthesis of lacto- type | core chain to lacto- type I
core-containing glycolipids may occur in RA/F9 cells. This scheme, however, is
not so simple since a decrease in the synthesis of a sialylated derivative of
Lacto-N-tetraosylceramide (LNTOseCer), sialyl-lacto-N-tetraosylceramide (STy),
was observed and the incresed accumulation of LNT may well reflect an
increase in sialidase activity associated with the ganglioside. The biological

significance of these constituents and their changes associated with
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differentiation is still a mystery and since they represent a very small proportion
of the total glycolipids in both cell lines, their relevance and importance are even
less obvious. |

Looking into a different aspect of this complicated process, a significant
increase in the biosynthesis of two gangliosides, GM1 and GM3, was
determined. These results are in agreement with previous observations and
correlate well with the decrease in cell growth associated with F9 differentiation.
A role in the modulation of cell growth and receptor function has been proposed
for these gangliosides (161, 164, 167-170, 173, 174). Their alteration upon
treatment of F9 cells with RA is presented in the model shown in Fig. 33.
According to this scheme, RA taken up by the cell would bind to a cytosolic RA-
binding protein. The mechanism for the uptake of RA by F9 cells is unknown
and its relevance in vivo is questionable. In this instance, the cells may possess
a mechanism for the conversion of incoming retinol from the plasma into RA. In
any case, the RA-cCRABP complex is translocated to the nucleus. RA can be
found associated with a protein different from cRABP. This putative nuclear
receptor contains a DNA-binding domain which would activate gene expression
in an analogous way to the mechanism of steroids (63, 92, 93). The mechanism
of transfer of RA from cRABP to the nuclear receptor is unclear, although many
authors consider that it is most likely to take place in the nucleus. Upon binding
of the morphogen-receptor complex to DNA, the expression of a number of
genes would be activated including those coding for «2,3-sialyltransferase,
B1,4-N-acetylgalactosaminyltransferase and «2,3-neuraminidase resulting in an

increase in the biosynthesis of GM{ and GM3 gangliosides. At the plasma

membrane these gangliosides can modulate receptor function. For instance,
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Figure 33:

Canglioside-mediated Modulation of Cell Growth and Receptor Function
Associated with RA-induced Differentiation of F9 Cells. This model is based on
data and conclusions presented by a number of authors (63, 92, 93, 161, 164,
167-171, 173, 174). See text for explanation.
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they may decrease the affinity of a growth factor receptor for its ligand, thus
diminishing cellular responsiveness to growth signals. This effect can also be
mimicked by exogenous addition of these gangliosides (168). Additionally,
GMg3 may be converted at the plasma membrane into other derivatives which
can regulate receptor kinase activity, for example of the EGF receptor (170,
171). Ganglioside-mediated modulation of receptor function may add then to
the significant number of signals that the cell uses to regulate its growth and
differentiation, but by any means represents the only alternative for control of
cellular responses.

Finally, a decrease in the synthesis of high molecular weight
gangliosides was also observed in the differentiated cell line, confirming that
observed in the neutral fraction. The meaning of these observations is not
understood but in the simplest of the situations, one may anticipate a significant
change in membrane structure and organization leading to altered membrane
interactions and antigenicity.

The glycolipid alterations following F9 differentiation present a rather
complex picture. In the midst of the alterations in gene expression and
biosynthesis, factors such as substrate competition by different
glycosyltransferases, intracellular turnover and recycling of membrane
components and cellular compartmentalization, interplay to yield the final
antigenic expression that distinguishes the control F9 cell from the differentiated
phenotype. Little is known, indeed, about the cellular localization of the
structures isolated and characterized or about the mechanisms by which they
are transported, sorted, and recycled. Additionally, we are just starting to

understand more about the membrane topology, organization and structure of
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the glycosyltransferases involved in the biosynthesis of oligosaccharides
associated with glycolipids and glycoproteins. Their cloning and expression in
a variety of systems should provide us with a better understanding of their
regulation, their true specificity, and their structure-function relationships. Only
then we will be able to discern profoundly the significance of glycosylation and
the importance of glycoconjugates in cellular processes. Only then, a most
exciting future in the study of the biology of glycoconjugates will be more than a

possibility.
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