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ABSTRACT Competition experiments using lactosylcera-
mide, ganglioside GM3 and ganglioside GD3 as substrates, as
well as mutual inhibitors for ganglioside N-acetylgalactos-
aminyltransferase, in Golgi vesicles derived from rat liver
suggested that N-acetylgalactosamine transfer to these three
respective compounds, leading to gangliosides GA2, GM2, and
GD2, respectively, is catalyzed by one enzyme. Analogous
studies with gangliosides GA1, GM1, and GD1b as glycolipid
acceptors in sialyltransferase assays indicated GM1b, GD1a,
and GT1b synthases to be identical. These results are incor-
porated into a model for ganglioside biosynthesis and its
regulation.

Gangliosides are a group of complex sialic acid-containing
glycosphingolipids. First found in brain (1-4), they are now
known to be ubiquitous in plasma membranes of all mam-
malian cells so far studied (5-10). Ganglioside biosynthesis
occurs in the Golgi apparatus starting with glucosylceramide
by sequential addition of galactose, N-acetylgalactosamine
(GalNACc), and sialic acid to the growing oligosaccharide
chain (for review, see ref. 11). These reactions are catalyzed
by specific glycosyltransferases, many of which were studied
and partially characterized in rat liver Golgi apparatus (12—
21). Most major mammalian gangliosides derive from the a or
b series (22). However, recently ganglioside biosynthesis
through asialogangliosides was shown in homogenates of rat
bone marrow cells (23) and in Golgi vesicles from rat liver
(24). In the biosynthesis of all ganglioside series, glycosyl-
transferases that catalyze analogous reactions are needed; for
example, GA2, GM2, and GD2 synthase [for enzyme no-
menclature see Table 1; ganglioside nomenclature is adapted
from Svennerholm (25)] all transfer GalNAc in 81—4 linkage
to galactose. Some of those enzymes (i.e., GM2 and GD2
synthase, GM1 and GD1b synthase, GDla and GT1b syn-
thase) were already suspected to be identical (26, 27). In our
study the identity of GA2, GM2, and GD2 synthase and the
identity of GM1b, GD1a, and GT1b synthase are proven by
kinetic and competition experiments.

MATERIALS AND METHODS

Materials. Uridine 5’ diphospho-N-acetyl-p-[1-1*C]galac-
tosamine (UDP[**C]GalNAc, 2.22 GBq/mmol) and cytidine
5’ monophospho-N-acetyl[4,5,6,7,8,9-1*C]neuraminic acid
(CMP[**C]NeuAc, 10.77 GBq/mmol) were purchased from
Amersham and used after dilution with respective nonradio-
active nucleotide sugars obtained from Sigma. Sephadex
G-25 superfine and DEAE-Sepharose CI-6B were from Phar-
macia. Cytidine 5’ diphosphocholine, Triton X-100, Triton
CF-54, and bovine serum albumin were from Sigma. Pre-
coated silica gel 60 thin-layer plates were from Merck,
scintillation cocktail Pico Fluor 30 was from Packard, sodium
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Table 1. Glycosphingolipid glycosyltransferase nomenclature
Name used in
Transferase Acceptor EC no. this paper
GalNAc- LacCer 24.1.- GA2 synthase
transferase GM3 2.4.1.92 GM2 synthase
GD3 2.4.1.- GD2 synthase
Sialyltransferase GM3 2.4.99.8 GD3 synthase
GAl 2.4.99.- GM1b synthase
GM1 2.4.99.2 GD1a synthase
GD1b 2.4.99.- GT1b synthase

cacodylate and 2,5-diphenyloxazol were from Fluka, and
x-ray film XAR-5 came from Eastman-Kodak. Male rats of
the Wistar strain (300-350 g) were procured from Hagemann
(Extertal, F.R.G.). All other reagents and solvents used were
of analytical-grade quality.

Preparation of Golgi Vesicles. Golgi-rich vesicles were iso-
lated from rat liver, essentially by the method of Sandberg et al.
(28) as described in detail (29, 30). Enrichments of Golgi-specific
enzymes (glycosyltransferases) were 50- to 80-fold. Contami-
nation with other cellular membranes (plasma membrane,
lysosomes, endoplasmic reticulum) was <5% (29).

Assays of Glycosyltransferases. (i) N-Acetylgalactosaminyl-
transferase (GalNAc-transferase) (GA2, GM2, and GD2
synthase). In a total volume of 50 ul, assay solutions
contained glycolipid acceptor [GalB1—->4GlcBl—1Cer
(LacCer), GM3, GD3] to 200 uM, 0.15% (wt/vol) Triton
X-100, 64 mM sodium cacodylate/hydrochloric acid buffer
(pH 7.35), 10 mM cytidine 5’ diphosphocholine, 20 mM
MnCl,, 200 uM UDP[**C]GalNAc (25,000-45,000 cpm/
nmol), and 50 ug of Golgi protein. Incubation was for 15 min
at 37°C. (ii) N-Acetylneuraminyltransferase (sialyltransfer-
ase) (GM1b, GD1a, and GT1b synthase or GD3 synthase). In
a total volume of 50 ul, assay solutions contained glycolipid
acceptor (GA1, GM1, GD1b, or GM3) to 200 uM, 0.3%
(wt/vol) Triton CF-54, 150 mM sodium cacodylate/hydro-
chloric acid buffer (pH 6.6), 10 mM MgCl,, 10 mM 2-
mercaptoethanol, 1 mM CMP[*CINeuAc (5000-9000
cpm/nmol), and 50 ug of Golgi protein. Incubation was for 15
min at 37°C.

Assays and product separation were executed as before (29).
Separation of GM2 and GD2 was achieved on DEAE-
Sepharose as described for GM1 and GD1a (31). Radioactivity
of the products was determined in a liquid scintillation counter.

Rates of all reactions described here were linear with time,
at least to 30 min, and linear with protein concentration to 75—

Abbreviations: GalNAc, N-acetylgalactosamine; LacCer, Galgl—
4GlcBl—1Cer; GalNAc-transferase, N-acetylgalactosaminyltrans-
ferase; CMP[*C]NeuAc, cytidine 5’ monophospho-N-acetyl-
[4,5,6,7,8,9-¥C)-neuraminic acid; UDP[**C]GalNAc, uridine 5’ di-
phospho-N-acetylgalactosamine. In Svennerholm nomenclature (25)
for gangliosides, G = ganglioside, M = monosialo, D = disialo, T
= trisialo, and arabic numerals indicate sequence of migration in
thin-layer chromatograms.

*To whom reprint requests should be addressed.
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Fic. 1. Substrate dependency of GM2 (Upper) and GD2 (Lower)
synthesis with and without the respective inhibitors GD3 and GM3.
Under the described conditions GM3 (Upper) and GD3 (Lower) in
various concentrations were incubated with UDP[**C]GalNAc and
Golgi protein in the presence of 0 (a), 100 (@), and 150 (O) uM
inhibitor [GD3 (Upper) and GM3 (Lower)]. Separation and measure-
ment of the products were as described. Figures show Lineweaver—
Burk plots of the data.

100 pug per assay depending on the Golgi preparation.
Decrease of nucleotide sugar concentration during the 15-min
incubation period was at most 1% and 6% for GalNAc-
transferases and sialyltransferases, respectively. All experi-
ments were done at least in duplicate, and mean values are
presented in the figures and tables. Unless otherwise stated,
SDs were <5%. K, values presented are apparent K, values
determined in detergent-containing assays. Product identifi-
cation was as described previously (24, 32).

RESULTS

GA2, GM2, and GD2 Synthase. To prove that GM2 syn-
thase and GD2 synthase are identical, competition experi-
ments with GM3 as substrate and GD3 as inhibitor and vice
versa were done. Fig. 1 clearly shows competitive inhibition
of GM2 synthesis by GD3 and of GD2 synthesis by GM3.
Vmax Values deviate <3% from each other at any inhibitor
concentration (Table 2). If GM3 and GD3 were converted to
GM2 and GD2, respectively, by the same enzyme, the
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FiGc. 2. Competition between GM3 and GD3 (Upper) and be-
tween LacCer and GM3 (Lower) in the GalNAc-transferase assay.
As described, GM3 and GD3 (Upper) and LacCer and GM3 (Lower)
were used as acceptors for GalNAc-transferase in various partial
concentrations, keeping total substrate at 200 uM. Total reaction
velocities as experimentally determined (®) or as calculated for the
different models elucidated in Results are plotted versus the partial
substrate concentrations. Kinetic constants used are those described
in Results. —, v, calculated from Eq. 2 (two different enzymes);
———, v, calculated from Eq. 3 (one enzyme).

inhibitor constant (K;) of either substrate would equal its K,
value. K; can be calculated to

Ki = ’ [l]

where C; is the inhibitor concentration and K, ; and K, are the
K., values with and without inhibitor, respectively (33). Table
2 shows the K, and K values for GM3 and GD3 from the above
experiments. Deviations of the calculated inhibitor constants
from the K,,, values (<7% for GM3 and <3% for GD3) were in
the range of accuracy of measurement—data suggesting that
GM2 and GD2 synthesis is catalyzed by the same enzyme.
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Table 2. Vax, Kms Kmi, and K; values for GM2 and GD2 synthesis from the experiments of Fig. 1

GM2 synthesis GD2 synthesis
Vimax"» nmol K. and K ;* K, for Vimax'> nmol K, and K;* Kt for
C;, uM per (mg-hr) for GM3, uM GD3, uM per (mg-hr) for GD3, uM GM3, uM
0 6.2 117 — 3.9 68 —
100 6.3 289 68 39 130 109
150 6.3 385 66 3.8 152 120

K., and K,;, K, values without and with inhibitor, respectively; K;, inhibitor constant. C;, inhibitor concentration—GD3 and GM3 were used

as inhibitor for GM2 synthesis and GD2 synthesis, respectively.

*V max> Km» and K; values were calculated from Fig. 1 by linear regression. The correlation constants (c) were 1.000 > ¢ > 0.996.

K; values were calculated from Eq. 1.

For a final proof, both substrates GM3 and GD3 were used
in the GalNAc-transferase assay at the same time at various
partial concentrations, keeping total substrate concentration
at 200 uM. For two independent enzymes, each recognizing
only one of two substrates a and b, total reaction velocity v,
can be calculated as the sum of two partial velocities v, and
Ve, given by their respective Michaelis equations:

V. Vb
Ve =V, + vy = X X 2]
1+=2  1+=2
a b

If both substrates are glycosylated by the same enzyme and
each substrate acts as competitive inhibitor of the other (K,
= K,), total velocity is given by the following equation (33):

!

v =v, + v =
v, 1%
2 + > . B
1+§(1+3) 1+5‘3(1+1)
a Kb b K.

The total reaction velocities calculated from Eqs. 2 and 3 with
K, and V_,, values determined simultaneously with the
same Golgi preparation (GM3, K, = 110uMand V., = 5.9
nmol/mghr; GD3, K,,, = 71 uM and V,,,, = 3.5 nmol/mghr)
are shown in Fig. 2 Upper. The measured v, values clearly fit
those calculated for one enzyme. From such data we con-
clude that GM2 and GD2 are synthesized by the same active
site of one enzyme from their respective precursors.

When an analogous experiment was done with LacCer and
GM3 as glycolipid acceptors for GA2 and GM2 synthesis,
respectively, a similar result was obtained (Fig. 2 Lower).
Although the v, plots calculated from Egs. 1 and 2 do not
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differ widely (due to great differencesin K, and V., for both
substrates; LacCer, K, = 437 uM and V,,, = 0.7 nmol/
mghr; GM3, K, = 109 uM and V., = 5.8 nmol/mg-hr) the
experimentally determined v, values follow those calculated
for one active site.

The above results show that GA2, GM2, and GD2 synthe-
sis is catalyzed by the same GalNAc-transferase.

GM1b, GD1a, and GT1b Synthase. To show competition of
GM1 and GD1b, GM1 in various concentrations was incu-
bated with and without 50 uM GD1b with CMP[**C]NeuAc
and Golgi protein as described. Reaction products were
separated by TLC. GD1a was scraped from the plates, and its
radioactivity was determined. The resulting Lineweaver—
Burk plots of GD1a synthesis (Fig. 3 Left) clearly indicate
competition between GM1 and GD1b. When both acceptors
were used in sialyltransferase assay in various partial con-
centrations, keeping the total substrate concentration at 150
uM, the measured v, values clung to the curve calculated for
one enzyme (Fig. 4 Left). These results indicate that GDla
and GT1b are synthesized by the same enzyme.

Similar experiments were done for GM1b and GDla
synthesis with their respective glycolipid acceptors GAl and
GM1. To show competitive inhibition Golgi vesicles were
incubated with CMP[**C]NeuAc and various GM1 concen-
trations with and without 100 uM GA1 as described. Again
GDla was determined as described above. Fig. 3 Right
strongly indicates competition between GAl and GM1.

The result of a competition experiment in which the partial
concentrations of GA1 and GM1 were varied while the total
concentration was kept at 150 uM is shown in Fig. 4 Right.
Again, the experimentally determined v, values fit those
calculated from Eq. 3 (one enzyme). The above results
strongly suggest that GM1b, GDla, and GT1b are synthe-
sized by the same sialyltransferase.

GD3 Synthase and GD1a Synthase. The competition exper-
iment in which the partial concentrations of two substrates
were varied, keeping the total substrate concentration con-

FiG. 3. Effect of GD1b (Left)
and of GAl (Right) on GDla syn-
thesis at various GM1 concentra-
tions. Under the described condi-
tions for sialyltransferase Golgi
vesicles were incubated with 1
mM CMP[**C]NeuAc and the in-
dicated amounts of GM1 with (e)
and without (a) inhibitor [S0 uM
GD1b (Left) and 100 uM GAl

10

(Right)]. GD1a synthesis was de-
termined as described. The Line-
weaver-Burk plots obtained are
shown.
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Fig. 4. Competition between GM1 and GD1b (Left) and between GA1 and GM1 (Right) in the sialyltransferase assay. As described, GM1
and GD1b (Left) and GA1 and GM1 (Right) were acceptors for sialyltransferase in various partial concentrations, keeping total substrate at 150
#M. Kinetic constants were determined in parallel experiments with the Golgi preparation used in the respective competition experiments: GM1,
Ky = 290 uM and V,,,, = 172 nmol/mg+hr; GD1b, K, = 111 uM and V,,,, = 116 nmol/mg-hr (Lef?). GAl, K,, = 59 uM and V,,,, = 241
nmol/mghr; GM1, K, = 97 uM and V,,,, = 68 nmol/mg-hr (Right). Total reaction velocities as experimentally determined or as calculated
for the different models elucidated in Resuits are plotted versus the partial substrate concentrations. For explanation of symbols, see Fig. 2

legend.

stant, was used four times to prove enzyme identity. To show
that this type of experiment also works to demonstrate the
diversity of two enzymes, competition of GM3 and GM1 in
sialyltransferase assay was studied. GM3 and GM1 act as
glycolipid acceptors in GD3 and GD1a synthesis catalyzed by
sialyltransferases supposed to be separate enzymes. As Fig.
5 shows, the experimentally determined v, values, indeed,
correspond to those calculated from Eq. 2—i.e., for two
separate enzymes.
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FiG. 5. Competition between GM3 and GM1 in the sialyltrans-
ferase assay. As described, GM3 and GM1 were acceptors for sialyl-
transferase in various partial concentrations, keeping total substrate at
150 uM. In parallel experiments K, and V,,,, values were determined
with the same Golgi preparation by varying GM3 and GM1 concentra-
tions, respectively (GM3, K, = 130 uM and V,,,,, = 4.1 nmol/mg-hr;
GM1, K,, = 93 uM and V,_,, = 31 nmol/mghr). Total reaction
velocities as experimentally determined or as calculated for the different
models elucidated in Results are plotted versus the partial substrate
concentrations. For explanation of symbols, see Fig. 2 legend.

DISCUSSION

Biosynthesis of gangliosides has been investigated in a
variety of microsomal or Golgi preparations from several
tissues. The glycosyltransferases involved were studied for
optimal assay conditions (detergent, pH, metal ions, etc.),
kinetic properties (K,,, V,.ax), and orientation in the Golgi
membrane (12-21, 24, 26, 29, 30). The identity of GM2 and
GD2 synthase, GM1 and GD1b synthase, and GDla and
GT1b synthase was already assumed earlier (26, 27). In the
present study we demonstrate that GA2, GM2, and GD2 and
GM1b, GDla, and GT1b are synthesized by the same
GalNAc-transferase and sialyltransferase, respectively.
Moreover, a negative proof for GD3 and GD1a synthesis is
given, showing that the method used also allows distinction
between two separate enzymes.

Data for GA2 and GM2 synthesis (Fig. 2 Lower), obtained
from assay systems using LacCer and GM3 as acceptors, are
not as compelling as those from all other competition exper-
iments. This phenomenon, which has already been discussed
previously (24), is probably due to the poor availability of
LacCer to GalNAc-transferase in detergent-containing as-
says (K, extremely high and V_,, extremely low). This fact
may also explain the observation of Yanagisawa et al. (34)—
namely, that LacCer was not accepted by a partially purified
UDP GalNAc, GM3 GalNAc-transferase, under their incu-
bation conditions.

Our results lead to a suggested model of ganglioside
biosynthesis and its regulation. The decision regarding which
series a certain ganglioside molecule is directed toward
(asialo, a, b, or ¢ series) seems to be made by the sialyltrans-
ferases I-III (Fig. 6). Starting with LacCer, GM3, or GD3
(and possibly with GT3) biosynthesis of asialo-, a-, and
b-series (and possibly c-series) gangliosides is catalyzed by
the same set of enzymes (Fig. 6). GalNAc-transferase,
galactosyltransferase II, sialyltransferase IV, and sialyltrans-
ferase V seem to recognize the carbohydrate *‘backbones’’ of
their respective acceptors. The presence of one or two sialic
acid residues bound to the inner galactose influences the
kinetic properties of these glycosyltransferases (i.e., alters
K. and V__, values).
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FiG.6. Proposed model for ganglioside biosynthesis. In this model successive transfer of GalN Ac, galactose, and sialic acid to LacCer, GM3,
and GD3 (and possibly GT3) leading to the asialo, a, and b series (and possibly c series) gangliosides is catalyzed by the same set of
glycosyltransferases. ----- +, Reactions demonstrated in rat liver Golgi; reactions not yet demonstrated in rat liver Golgi; ==, reactions
catalyzed by one and the same GalNac-transferase; == , reactions catalyzed by one and the same sialyltransferase. », Unpublished results
(G.P.) from our laboratory. Cer, ceramide; GlcCer, glucosylceramide; UDP-Gal, uridine 5’'-diphosphogalactose; CMP-NeuAc, cytidine 5’
monophospho-N-acetylneuraminic acid; UDP-GalNAc, uridine 5’ diphospho-N-acetylgalactosamine.

From this consideration we think the main regulation of
ganglioside biosynthesis (either on a genetic or protein level)
occurs in the sequence LacCer —» GM3 — GD3 — GT3. This
idea throws light on the results of Yusuf ez al. (22), who
looked for a feed-back inhibition in ganglioside biosynthesis
by studying the effect of end-product gangliosides (such as
GD1a, GT1b, and GQ1b) on GD3 and GM2 synthesis. GQ1b,
the end-product of the b series, inhibited GD3 synthase (the
starting enzyme of the b series) but had no inhibitory effect
on GM2 synthesis. Unfortunately, they investigated the
effect of end-product gangliosides on GM2 synthase and not
on GM3 synthase (sialyltransferase I; Fig. 6), which, accord-
ing to our model, is the starting enzyme of the a series. Thus,
no specific inhibition by, for example, GD1a could be found.
Further studies are much needed, however, to test specific
aspects of this suggested model of ganglioside biosynthesis.
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