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INHIBITION OF ADENYLATE CYCLASE ACTIVITY OF HUMAN THYROID MEMBRANES BY 
GANGLIOSIDES 

G. DACREMONT a, M. DE BAETS b,c.., J.M. KAUFMAN b, A. ELEWAUT b and A. VERMEULEN b 

a Department of Pediatrics and t, Department of Endocrinology and Metabolism, State University Ghent, 135 De Pintelaan, Bgo00-Ghent 
(Belgium) and c Department of Immunology, State University Limburg, P.O. Box 616, 6200 MD Maastricht (The Netherlands) 

(Received October 3rd, 1983) 

Key words: Ganglioside; Adenylate cyclase; G-regulatory protein; Thyrotropin receptor; Graves disease; (Human thyroid membrane) 

Gangliosides inhibit basal, thyrotropin-induced and fluoride-induced adenylate cyclase activity of human 
thyroid membranes in physiological conditions. In contrast neutral glycolipids, phospholipids and neuraminic 
acid containing oligosaccharides show no effect. The efficacy of inhibition is more dependent upon the 
position of the sialic acid residues than upon their absolute number. In general gangiiosides with disialyl 
groups are more inhibitory than those with single sialyl moieties. The inhibitory effects of the individual 
gangliosides on the two modes of stimulation are parallel. This parallelism suggests that the inhibitory effect 
is located at the postreceptor level and that the gangliosides interact directly with the adenylate cyclase 
system. A possible role of thyroid membrane gangliosides as suppressive cofactors of adenylate cyclase is 
discussed in relation to recent findings of stimulating anti-ganglioside antibodies in Graves' disease. 

* To whom reprint requests should be addressed at: State 
University Limburg, Department of Immunology, P.O. Box. 
616, 6200 MD Maastricht, The Netherlands. 

Abbreviations: TSH, thyroid-stimulating hormone or 
thyrotropin; Gu3, N-acetylneuraminylgalactosylglucosyicera- 
mide; GM2, N-acetylgalactosaminyl(N-acetylneuraminyl)- 
galactosylglucos~(leeramide; GM1, galactosyl-N-acetyl- 
galactosaminyl( N-acetylneuraminyl)galactosylglucosylcera- 
mide; LM1, N-acetylneuraminylgalactosyl-N-acetylglucos- 
aminylgalactosylgludosylceramide = sialylparagioboside; GD3, 
N-acetylneuraminyl-N-acetylneuraminylgalactosylglucOsyl- 
ceramide; GDla, N-acetylneuraminylgalactosyl-N.acetylsa- 
lactosaminyl(N-acetylneuraminyl)galactosylglucosylceramide; 
GDI b, galactosyl-N-acetylgalactosaminyl(N-acetylneuraminyl- 
N-acetylneuraminyi)galactosylglucosylceramide; GT~b, N- 
acetylneuraminylgalactosyl-N-acetylgalactosaminyl(N-acetyl- 
neuraminyl-N-acetylneuraminyl)galactosylglucosyleeramide; 
asialo-G M1, galactosyl-N-acetylgalactosaminylgalactosylgluco- 
sylceramide; asialo-GM2, N-acetylgalactosaminylgalactosyl- 
glucosylceramide; G-regulatory protein, guanine nucleotide 
regulatory protein; NANA, N-acctylneuraminic acid. 

Introduction 

Gangliosides, neuraminic acid containing glyco- 
sphingolipids, are important components of plasma 
membranes. The role of GM1 as receptor molecule 
for cholera toxin [1,2] has been established and it 
has been postulated that gangliosides also function 
as receptors for tetanus toxin [3], interferon [4] and 
peptide hormones such as thyrotropin (TSH). It 
was suggested that gangliosides inhibit TSH bind- 
ing to thyroid plasma membranes by interacting 
with the hormone rather than with the membrane 
[5-7]. However, this interaction is strongly depen- 
dent on pH, salt and temperature and is maximal 
under non-physiological conditions [8-11]. 

Thyroid membranes contain two distinct classes 
of binding sites for TSH. First, low-affinity, high- 
capacity sites present in large numbers are only 
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detectable under non physiological conditions, 
whereas high-affinity, low-capacity sites can be 
detected under more physiological conditions 
[9-13]. Gangliosides do not block TSH binding to 
the high-affinity binding sites [10,11,13-15]. From 
these studies it was concluded that gangliosides 
were not part of the TSH receptor [13]. 

Apart from binding TSH gangliosides may have 
a more important role in the transmission of the 
TSH signal through the membrane [5-7,16], but 
this hypothesis and in general any role of thyroid 
gangliosides in activation or regulation of adenyl- 
ate cyclase has not been examined thoroughly. 

In order to get more information and evaluate 
an eventual role of gangliosides in the regulation 
of thyroid adenylate cyclase, we tested as a first 
approach, various gangliosides, and their neutral 
derivatives, phospholipid and neuraminic acid 
containing compounds for their ability to affect 
adenylate cyclase activity of human thyroid mem- 
branes under physiological conditions. We in- 
vestigated their influence on basal, TSH-stimu- 
lated activity and also on sodium fluoride-induced 
activity. This paper reports the specific inhibitory 
effects of gangliosides on basal and induced 
adenylate cyclase activity. 

Materials and Methods 

Membranes. Membranes were prepared from 
surgically obtained thyroid tissue. All postsurgical 
manipulations were carried out at 4°C following 
the method of Orgiazzi et al. [17] with some mod- 
ifications [18]. 

Glycolipids. Gangliosides, GM1, Go1 a, Go1 b and 
Gx~ b were isolated from normal human/brain, 
Gr~2 was prepared from Tay Sach's brain, GM3 
from human kidney and G o3 from human thyroid 
tissue. 

Gangliosides were extracted from tissues by the 
method of Tettamanti et al. [19], separated accord- 
ing to the number of sialic acids by chromatogra- 
phy on DEAE-Sephadex or on DEAE-Sepharose 
[20] and further purified by silica column chro- 
matography and preparative thin-layer chromatog- 
raphy. Ganghoside LM1 and the neutral glyco- 
lipids lactosylcerarnide and paragloboside were 
obtained from human type O erythrocytes. Total 
glycolipids from erythrocytes were extracted by 

the procedure of Hakamori and Watanabe [21], 
gangliosides purified from the '  upper-phase glyco- 
lipids' as described above and neutral glycolipids 
from the 'lower-phase glycolipids' by repeated 
chromatography on silica columns. 

Asialo-GM1 and asialo-Gr, 2 were obtained by 
partial hydrolysis of, respectively, GM1 and Gra2 
in 1 M formic acid (100°C, 1 h). All gangliosides 
and neutral glycolipids were identified by gas 
chromatography and enzymatic analysis. Their 
purity was assessed by thin-layer chromatography 
in various solvent systems. All preparations were 
at least 99% pure and free from phospholipid 
contaminants. 

Oligosaccharides. Sialic acid containing oligo- 
saccharides were isolated and purified from hu- 
man urine by combined anion and cation ex- 
change chromatography as described by Strecker 
et al. [22]. 

Egg yolk phosphatidylcholine was obtained 
from Sigma Chemical Co. St. Louis, MO, U.S.A., 
and sphingomyeline from Koch and Light Labora- 
tories Ltd. Colnbrook, U.K. Dicetylphosphate was 
purchased from K and K Laboratories Inc., 
Planview, NY, U.S.A. 

Adenylate cyclase assay. The effect of the vari- 
ous glycolipids and oligosaccharides on stimulated 
adenylate cyclase activity of thyroid membranes 
was evaluated by the method of Orgiazzi et al. [17] 
with some modifications described below. In 
standard experiments NaF (10 #M) or TSH (24.6 
U/I ,  UCB Belgium) and increasing amounts of 
gangliosides were preincubated for 30 rain at 34°C 
in a total volume of 100 #1 ATP buffer (containing 
20 mM Tris-HC1 buffer (pH 7.4), 6 mM MgC12, 3 
mM ATP, 10 mM theophylline, 10 mM creatinine 
phosphate and 43 #g of rabbit muscle creatine 
kinase). When the temperature of the reaction 
reached 34°C 50 #1 of. thyroid membrane suspen- 
sion (100 #g of protein) in the same buffer was 
added and incubation continued for 15 min with 
TSH or NaF. The reaction was stopped by adding 
200 #I of boiling 50 mM Tris-HC1 buffer (pH 7.4) 
containing 5 mM EDTA. The mixture was then 
centrifuged and cAMP determined on an aliquot 
of the suvernatant by a competitive protein bind- 
ing assay (Amersham International). 

The influence on basal adenylate activity was 
measured under the same conditions in the ab- 
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Fig. 1. Inhibitory effect of monosialogangliosides on (A) TSH-induced, (B) NaF-induced adenylate cyclase activity. 

sence of stimulators. Gangliosides, sulphatides, 
neutral glycolipids and phospholipids were tested 
in the concentration range of 0 to 1 mM and 
neuraminic acid containing oligosaccharides in the 
range of 0 to 2 mM neuraminic acid. Results are 
expressed as % of inhibition of adenylate cyclase 
activity (in the figures) or as absolute amount of 
cAMP produced per 15 rain per mg protein (in 
Table I). 

Results 

All monosialogangliosides tested inhibit basal, 
TSH- and NaF-stimulated adenylate cyclase activ- 
ity of human thyroid membranes. The efficacy of 
inhibition of monosialogangliosides had the fol- 
lowing order: GM3 > LM1 > Gua > GM2 (Fig. 1, 
Table I). Monosialogangliosides with neuraminic 
acid attached to the terminal galactose were in 
general more inhibitory than those with neu- 
raminic acid on the internal galactose. 

In order to assess the role of the negatively 
charged sialic acid residue we also tested the asialo 
derivatives of GM1 ~ GM2 , GM3 and LM1. None of 
these neutral glycosphingolipids had any effect on 
basal nor stimulated adenylate cyclase activity nor 
had sulphatides. These data suggest the relative 
importance of the neuraminic acid residue. Neu- 
raminic acid containing oligosaccharides, however, 
had no inhibitory effect indicating also the role of 
the lipid moieties. 

Since human thyroid membranes (Ref. 23 and 
our own observations) contain more complex 
gangliosides we also tested the effect of disialo- 
and trisialogangliosides in our system. As seen in 
Fig. 2 and Table I both TSH- and NaF-stimulated 
as well as the basal adenylate cyclase activity of 
human thyroid membranes were inhibited. The 
efficacy of inhibition had the following order: 
GD3 > GD1 b = GT1 b > GD1 a. Gangliosides with a 
disialosyl group (GD3 , GDlb ,  and GTlb)  are  the 

TABLE I 

EFFECT OF VARIOUS GANGLIOSIDES ON BASAL 
ADENYLATE CYCLASE ACTIVITY 

Increasing amounts of gangliosides were suspended in ATP 
buffer (see Methods) and incubated for 15 rain at 34°C with 
human thyroid membranes in the absence of stimulator. The 
amount of cAMP produced as measured by competitive protein 
binding assay is expressed in pmol per 15 rain per mg mem- 
brane. 

Activity 

Concn. (M)( × 105): 0 50 100 

GM3 99 42 9 
GM2 103 96 90 
GM1 101 88 66 
LM1 112 58 22 
G D3 87 3 -- 
GO1 a 93 85 59 
GD1 b 103 12 4 
GTI b 95 44 11 
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Fig. 2. Inhibitory effect of di- and trisialoganghosides on (A) TSH-stimulated, (B) NaF-stimulated adenylate cyclase activity. 

strongest inhibitors. The inhibitory effects of mono, 
di- and trisialogangliosides were parallel in both 
fluoride- and TSH-stimulated adenylate cyclase 
activities. These results suggest that the inhibitory 
effects by gangliosides were located at the postre- 
ceptor level, since fluoride is believed to act via the 
G-regulatory protein. 

The phospholipid composition affects the 
hormonal response in many tissues including 
thyroid cells [24]. However, in our system phos- 
pholipids such as sphingomyelin or phosphati- 
dylcholine and dicetylphosphate had no inhibitory 
effect on basal nor TSH- and fluoride-stimulated 
adenylate cyclase activity. 

D i s c u s s i o n  

The present report demonstrates that purified 
ganglioside preparations inhibit basal, TSH- and 
NaF-stimulated adenylate cyclase activity of hu- 
man thyroid membranes. In contrast asialyl de- 
rivatives of these gangliosides, neuraminic acid- 
containing oligosaccharides and phospholipids had 
no inhibitory effect, indicating that the inhibition 
is dependent on both neuraminic acid and lipid 
residues of the gangliosides. 

The efficacy of inhibition of the adenylcyclase 
activity by gangliosides was more dependent upon 

the position of the sialic acid residues than on 
their absolute number (Fig. 3). In general ganglio- 
sides with a disialosyl group (GD3, GDlb, Grlb) 
were more inhibitory than those with a mono- 
sialosyl residue (GM1, GM2, LM1, GM3, GDla). A 
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Fig. 3. Schematic representation of the structure of the differ- 
ent ganghosides used in relation to their inhibitory capacities 
on adenylate cyclase activity. In the right column the amount 
of gangliosides (nmol) necessary to inhibit the TSH- or NaF- 
stimulated adenylate cyclase by 50% is indicated. Symbols: ca 
galactose; <>, N-acetylgalactosamine; O, glucose; 0 ,  
N-acetylglucosamine; A, N-acetylneuraminic acid. 
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shorter carbohydrate core clearly enhances the in- 
hibitory effect of both mono- or disialoganglio- 
sides. 

The concentration of gangliosides required to 
inhibit the adenylate cyclase activity in our system 
were above physiological concentration, except for 
Go3 which showed already an inhibitory effect at 
3 . 1 0  -5 M. It is not excluded that in human 
thyroid membranes more potent gangiioside in- 
hibitors, possibly as minor components, are pre- 
sent. The gangiioside composition of human 
thyroid is until now not analysed systematically. 
The presence of different types of gangliosides has 
been described but identification was only per- 
formed by TLC and was based on the relative 
migration rates with respect to ganglioside stan- 
dards from brain [23]. In regard to molecular 
species of gangliosides, human thyroid appears to 
be more complex than bovine thyroid. In the latter 
five molecular species were identified: GM3 , GM1 , 
fucosyl-GM2, GD3 and Gma [25,26]. 

In regard to the mechanism by which ganglio- 
sides inhibit thyrotropin action and subsequent 
activation of the adenylate cyclase system, our 
data are suggestive that the inhibitory effect is the 
result of a direct interaction of the gangliosides 
with the adenylate cyclase system rather than with 
the hormone, since both basal and stimulated 
adenylate cyclase activities are inhibited by gang- 
liosides. The parallelism in the dose inhibition 
curves for both TSH- and fluoride-stimulation of 
the individual gangliosides points to a similar 
mechanism. Fluoride acts directly on the G-regula- 
tory protein-adenylate cyclase complex [27] and 
there is no interaction between fluoride and gang- 
liosides. Consequently, the inhibitory effect of 
gangliosides can only be explained by a direct 
interaction with the adenylate cyclase system, 
bypassing the giycoprotein component of TSH 
receptor, Therefore endogenous more internally 
located gangliosides in human thyroid cells may be 
associated to the adenylate cyclase system and be 
involved as constant suppressors or in general as 
regulating 'cofactors' of the adenylate cyclase ac- 
tivity. A possible role of gangliosides as cofactors 
of membrane adenylate cyclase has already been 
suggested by Partington and Daly [28]. 

Further evaluation of the role of gangliosides 
on thyrotropin receptor functions will be possible 

with the use of antibodies to these sphingogly- 
colipids. It has been reported that immunization 
of rabbits with gangliosides results in thyroid 
hypofunction of the immunized animals suggesting 
that antibodies against thyroid gangliosides pro- 
duce impairment of thyroid function [29]. In con- 
trast the effect of thyroid stimulating immunog- 
lobulins present in patients with active Graves' 
disease can be blocked by GM1 [18]. These patients 
have circulating antibodies against asialo GM1 
(Ref. 30, and unpublished observations), suggest- 
ing that a population of antibodies can remove the 
inhibiting effects of gangliosides in adenylate 
cyclase activity. The specific effector role of these 
anti-ganglioside antibodies has been clarified by 
monoclonal antibody technology. Some human 
monoclonal antibodies derived from hybridization 
of peripheral blood lymphocytes of patients with 
Graves' disease exerting stimulatory effects on 
thyroid cells, interact with human thyroid gang- 
liosides, but do not inhibit TSH binding to the 
glycoprotein component of TSH receptors. A sec- 
ond set of monoclonal antibodies with no stimula- 
tory action block the binding of TSH to the glyco- 
protein part of its receptor [31]. 

Acknowledgments 

The authors are grateful to Mrs, De Vos and 
Mrs. Eeckhaut for their technical assistance. 

References 

1 Cuatreeasas, P. (1973) Biochemistry 12, 3547-3557 
2 Van Heyningen, W.E. (1974) Nature 249, 415-417 
3 Ledley, F.D., Lee, G., Kohn, L.D., Habig, W.H. and 

Hardegree, M.C. (1977) J. Biol. Chem. 252, 4049-4055 
4 Besancon, F. and Ankel, H. (1974) Nature 252, 478-480 
5 Mullin, B.R., Fishman, P.H., Lee, G., Aloj, S.M., Ledley, 

F.D., Winand, R.J., Kohn, L.D. and Brady, R.O. (1976) 
Proc. Natl. Acad. Sci. U.S.A. 73, 842-846 

6 Mullin, B.R., Pacuszka, T., Lee, G., Kohn, L,D., Brady, 
R.O. and Fishman, P.H. (1978) Science 199, 77-79 

7 Aloj, S.M., Lee, G., Consiglio, E., Formisanio, S., Minton, 
A.P. and Kohn, L.D. (1979) J. Biol. Chem. 254, 9080-9093 

8 Medolesi, M.F., Fishman, P.H., Aloj, S.M., Ledley, F.D., 
Lee, G., Bradley, R.M., Brady, R.O. and Kohn, L.D. (1977) 
Biochem. Biophys. Res. Commun. 75, 581-588 

9 Pekonen, F. and Weintraub, B.D. (1979) Endocrinology 
105, 352-358 

10 Powell-Jones, C.H.J., Thomas, C.G. and Nayfey, S.N. (1980) 
J. Biol. Chem. 255, 4001-4010 



11 Pekonen, F. (1980) Horm. Metab. Res. 12, 310-314 
12 Saltiel, A.R., Powell-Jones, C.H.J., Thomas, C.G. and 

Nayfeh, S.N. (1980) Biochem. Biophys. Res. Commun. 95, 
395-430 

13 Beckner, S.K., Brady, R.O. and Fishman, P.H. (1981) Proc. 
Natl. Acad. Sci. U.S.A. 78, 4848-4852 

14 Friedman, Y., Hladis, P., Babiarz-Crowell, D. and Burke, 
G. (1979) Endocr. Res. Commun. 6, 71-92 

15 Holmes, G.D., Titus, G., Chou, M. and Field, J.B. (1980) 
Endocrinology 107, 2076-2081 

16 Kohn, L.D. (1978) in Receptors and Recognition 
(Cuatrecasas, P. and Greaves, M.F., eds.), Set. A, Vol. 5, 
pp. 134-212, Chapman and Hall, London 

17 Orgi~771, J., Williams, D.E., Chopra, I.J. and Solomon, 
D.H. (1976) J. Clin. Endocrinol. Metab. 42, 341-354 

18 De Baets, M., Elewaut, A., Dacremont, G. and Vermeulen, 
A. (1982) in Immunologic Analysis: Recent Progress in 
Diagnostic Laboratory Immunology (Nakamura, R.M., 
Dito, W.R. and Tuck, E.S., III, eds.), pp. 37-51, Masson, 
New York 

19 Tettamanti, G., Bonali, F., Marchesini, S. and Zambotti, V. 
(1973) Biochim. Biophys. Acta 296, 160-167 

20 lwamori, M. and Nagai, Y. (1978) Biochim. Biophys. Acta 
528, 257-267 

21 Hakomori, S. and Watanabe, K. (1976) in Glycolipid Meth- 
odology (Witting, L.A., ed.), pp. 13-47, American Oil 
Chemist's Society 

147 

22 Strecker, G., Peers, M.C., Michalski, J.C., Hondi-Assah, T., 
Fournet, B., Spik, G., Montreuil, J., Farriaux, J.-P., 
Maroteaux, P. and Durand, P. (1977) Eur. J. Biochem. 75, 
391-403 

23 Lee, G., Grollman, E.F., Aloj, S.M., Kohn, L.D. and 
Winand, R.J. (1977) Biochem. Biophys. Res. Commun. 77, 
139-146 

24 Birnbaumer, L. (1973) Biochim. Biophys. Acta 300, 129-153 
25 Van Dessel, G.A.F., Lagrou, A.R., Hilderson, H.J.J., Di- 

erick, W.S.H. and Lauwers, W.F.J. (1979) J. Biol. Chem. 
254, 9305-9310 

26 Iwamori, M., Sawada, K., Hara, Y., Nishio, M., Fujisawa, 
T., Imura, H. and Nagai, Y. (1982) J. Biochem. 91, 
1875-1887 

27 Reen, S. and Aurbach, G. (1980) J. Biol. Chem. 255, 
949-954 

28 Partington, C.R. and Daly, J.W. (1979) Mol. Pharmacol. 15, 
484-491 

29 Gardas, A. and Nauman, J. (1981) Acta Endocrinol. 98, 
549-555 

30 Sawada, K., Sakurami, T., lmura, H., Iwamori, M. and 
Naghai, Y. (1980) Lancet i, 198 

31 Valente, W.A., Vitte, P., Yavin, Z., Yavin, E., Rotella, C.M., 
Grollman, E.F., Toccafondi, R.S. and Kohn, L.D. (1982) 
Proc. Natl. Aead. Sci. U.S.A. 79, 6680-6684 


