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GM3, sialosylneolactotetraosylceramide and sulfatide

Hideyoshi Higashi and Tatsuya Yamagata

Laboratory of Glycoconjugate Research, Mitsubishi Kasei Institute of Life Sciences, 11 Minamiooya, Machida, Tokyo 194, Japan

Received 20 September 1992; revised version received 15 October 1992

Among calmodulin-non-binding glycosphingolipids, GM3, sialosylneolactotetraosyleeramide (LM1), and sulfatide potently aetivated calimodulin-

dependent cyclic nucleotide phosphodiesterase with or without Cu** showing EDy, 1-5 #M. In conirast to calmodulin-binding gangliosides, these

glycosphingolipids activated the enzyme up 1o the maximum level achieved by Ca*/calmodulin and did not inhibit the activity at higher

coneentrations. Competition studies with GD1b that bind both to calmedulin and the enzyme suggest that the calmodulin-nen-binding glycosphin-
golipids activate the enzyme through interaction with the same site of the enzyme as GDIb interacts,

GM3; LMI; Sulfatide; Ganglioside; Calmodulin; cAMP-phosphodiesterase

1. INTRODUCTION

Gangliosides with a gangliotetraose core and GM2
were shown in our previous studies to inhibit a CaM-
dependent enzyme, cyclic nucleotide phosphodiesterase
(PDE), through binding to CaM and the enzyme [3,4].
CaM is expressed in all eukaryotic cells and is essential
to calcium signal transduction by modulating a wide
variety of enzymes. Gangliosides are present in all verte-
brates and higher invertebrates and it is proposed that
they modulate several cellular activities [5]. Gangli-
oside-mediated modulation of cell activities via a CaM-
mediated signal transduction pathway has thus been put
forward [4].

In non-neural tissues, such a ganglioside-mediated
modulation could hardly be expected since CaM-bind-
ing gangliosides are usuatly not abundant in these tis-
sues. However, GM3 and neolacto series gangliosides
instead are abundant in these tissues and these gangli-
osides, when given exogenously to the cells, modulate
cellular activities such as differentiation and prolifera-
tion in a variety of non-neural and neural cells [6-13].
The gangliosides may regulate these cellular activities
by modulating transmembrane signal transductions
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through binding to certain molecules although untii
now there has been no evidence of direct interaction of
these gangliosides with such molecules. In this study, we
have investigated the effects of these and other glyco-
spmngolipids on a typical CaM-dependent enzyme,
PDE. Among them thus far tested, GM3, LM]1, and
sulfatide activated PDE, up to the maximum level
achieved by Ca®/CaM-activation. These effects were
compared with those of Ca**/CaM and CaM-binding
gangliosides on the enzyme and it is proposed that these
CaM-non-hinding glycosphingolipids activate the en-
zyme through interacting with a site other than CaM-
binding site of the enzyme, the same site as CaM-bind-
ing gangliosides interact.

2. MATERIALS AND METHODS

2.1, Maierials

Cyclic AMP, snake venom from Crotalus atrox activator deficieni
3’,5"-cyclic nucleotide phosphodiesterase from bovine brain (P-9529),
and bovine brain CaM were purchased from Sigma, St. Louis, MO.
GM3, GM3(NeuGe), LMI(NeuGe), NeuGe-nLe,Cer, nLe,Cer and
Gal-nLc,Cer were prepared as already described [14). GalCer and
sulfatide and Gg,Cer were prepared from bovine brain as already
deseribed [4]. 4-0-Ac-GM3(MNeuGe) was prepared as already de-
scribed [15]. LacCer was prepared from equine erythrocytes using
Tatrobeads column chromalography by the method described previ-
ously [15]. GDI1b was purchased from latron Lab., Tokyo, Japan.

2.2, Phosphadiesterase assay

The Cheung method [16] was used with a slight modification as
deseribed previously [3]). For an assessment of the effect of the enzyme
reaction by glycosphingolipids, the glycosphingolipids were added at
an appropriate conceniration 1o the incubation mixture consisting of
cAMP und PDE. Little, if any CaM-independent phosphodiesterase
aclivity could be detecied in the enzyme preparation.
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Fig. 1. Effecis of glycosphingolipids on CaM-dependent phosplio-
diesterase. Different glycosphingolipids at vaticus concertealians
were added to reaction mixtures of phosphodiesterase without CaM.
Activity is expressed as aclivily relative to maximum activity stirau-
lated by Ca®*/CaM.

Trypsin-treatment of phosphodiesterase was performed by the
method of Davis and Daly [17] with a modification as already de-
scribed [4].

2.3. Other methocs
Lipid-bound sialic acids were measured by the method of Jourdian
et al. {18].

3. RESULTS

3.1. Effects of various glycosphingolipids on PDE
GM3, LM, and sulfatide activated the enzyme in the
absence of CaM (Fig. 1). The activation was Ca®* inde-
pendent (data not shown). Besides GM3 und sulfatide
[3.4], LMI showed no effect on Ca*"/CaM-activated
PDE or fluorescence spectrum of dansyl-CaM (data not
shown), indicating 1ha1 it also 3id not bingd 1o CaM. As
shown in Table }, EDy, of these glycosphingolipids were
1-5 uM. Higher concentrations were required for acti-
vation compared to gangliosides that interact with both
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be emphasized that they showed no inhibition at all
even at higher concentrations. They were thus shown to
act as CaM agonists to PDE though higher concentra-
tions by three orders of magnitude are required com-
pared to CaM. Now, we would like to classify these
glycosphingolipids to Group 3 glycosphingolipids.

GM3 derivatives were examined with special refer-
ence (o sialyl residues. NeuA¢ was found to be slightly
more efficient than NeuGe which was followed by O-
acetylation at 4 position of sialyl residue (Fig. | and
Table 1).

The efficiency of NeuGe-nLe,Cer which has a longer
sugar chain than LM I(NeuGc) was remarkably dimin-
ished, showing nine times as much as EDg of LMI1
while LM1{NeuGc) was slightly more effective than
GM3(NeuGe) (Table I). Neutral glycosphingolipids,
nle,Cer and Gg.Cer showed activation to some extent
even though their efficiency was less than 1/10 that of
their sialyl derivatives. Gal-nL¢,Cer, Gb,Cer, LacCer,
and GalCer showed little, if any, effect.

3.2, Effects of Group [ gangliosides on PDE activity
stimutated by Group 3 glycosphingolipids

Ca?*/CaM-stimulated PDE activity was shown in the
previous study to be inhibited by Group | gangliosides
such as GD1b {4]. GD1b showed inhibition even at the
concentrations where it showed activation of the en-
zyme in the absence of CaM. Excess CaM overcame
inhibitien. To compare the nature of PDE stimulation
by Group 3 glycosphingolipids with that by Ca*/CaM,
the effects of GD1b on the glycosphingolipid-stimulated
enzyme activity were examined. Fig. 2 shows the effects
of GDIb on LMI(NeuGe)-stimulated PDE. The uctiv-
ity stimulated by LMI(NeuGc) at the concentrations
above 1D #M was inhibited by GD1b at all the concen-
trations used. lnhibition was manifest even at the con-
centrations where GDib showed activation of the en-
Zymme in the absence of other stimulators, while the ac-
Sy stimaland v MO & wanesnitatiane
Pow IDIN) was 2000vely achivaled by he stimedative

Table 1
Stimulative effects ol glycosphingolipids on phosphodiesterase
Glycosphingotipid Straciare EDyg,
(xM)
GM3(NeuAc) NeuAcax2 — 3Gal8l — 4Gle-Cer 1.2
GM3(NeuGe) NeuGea2 = 3Gulgl —» 4Gle-Cer 29
4--Ac-GM3(NeuGe) 4-0-Acelyl-NeuGea2 — 3Galgl — 4Gle-Cer 4.1
LM I1(NeuGc) NeuGea2 — 3GalB1 - 4GleNAgS] -~ 3Galfl —» 4Gle-Cer 24
Sulfatide H.80, — 3Gal-Cer 4.5
NeuGe-nle Cer Siaa? = HCalgl — 4GRMNACE! - 350481 - 4Gie-Cor 33
nkeCer Galfl — 4GleNAcf! — 3Galft — 4Gle-Cer 30
Gat-nL¢,Cer Gulal =~ 3Galgl — 4GlcNAcS! = 3Galfl -5 4Glc-Cer > 100
Gy, Cer Galfl = 3GalNAc¢f1 — 4Galfl — 4Gle-Cer 24
Gb,Cer GalNAcf1 - 3Galal = 4Galfl — Gle-Cer > 100
LaeCer Galfl - 4Gle-Cer > 100
Gatfar Gui-Cia~ > 100
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Fig. 2. Effects of GDIb on LMI(NeuGce)-stimulaled phospho-
dieslerase activity, Various concentrations of GDIb were added 10
reaction mixtures of phosphodiesterase stimuluted by the indicaied
concentrations of LMI{NeuGe). Aclivily is expressed as uctivily rela-
tive to that stimulated by 45 uM LMI(NeuGce) without GD1b.

concentration (below 1 M) of GD1b. Direct inhibition
of the enzyme activity by GD1b shown at the concentra-
tions above 1 xM was eliminated by excess
LMI1(MeuGe). Similar results were obtained using
GM3(NeuGe) or sulfatide instead of LMI(NeuGce)
(data not shown). Their activaticn properties were thus
shown to be very similar to Ca*/CaM (refer to Fig. IC
in [4]).

To investigate further a relationship between activa-
tion by LM1 and inhibition by GDI1b, activation of
PDE by LM1(NeuGgc) in the presence of GD1b at inhib-
iting concentrations was examined. The Lineweaver-
Burk plots indicate it to be a competitive inhibition with
a constant maximum activity and increasing EDy, cor-
responding to GDIb concentration (Fig. 3). Thus
GDI1b was shown to inhibit the enzyme by competing
with LM Y{NeuGc). K; of GD1b was calculated as 1.6-
2.8 #M. The above results suggest that an LM )-inter-

-—a-—  1N{11 uM GD1b)

1 ' 2
1/[LM1) {1/uM)

Fig. 3. Inhibilion by GDIb on LMI(NeuGe)-siimulation of
phosphodicsterase activity. Activation by LM1(NeuGe) of phospho-
diesterase waus assessed in the presence of indicated concentrations of
GD1b, Activation by LMI(NeuGc) alone was measured [or the con-
trol. Activity (v} is expressed as relative actlivily 1o maximum activity
stémuleied by L MM euQe) denes Linowenien-Rusk plete o the deta
are shown,
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acting site of the enzyme is either the GD1b-interacting
site or CaM-binding site.

3.3, Effects of Group 3 glycosphingolipids on irypsin-
activated PDE

To determine whether LM1. GM3, and sulfatide in-
teract with the CaM-binding site or the same site as
GD1b does, the effects of these glycosphingolipids on
trypsin-treated PDE, which has lost CaM-binding do-
main and expressed full activity without CaM, were
examined. The three glycosphingolipids showed no ef-
fect on the trypsin-activated enzyme (data not shown).
However, they reversed inhibition by GD1b of the tryp-
sin-activated enzyme activity (Fig. 4). These results indi-
cate that they interact either with GD1b or the same site
of the enzyme as GD1b does, which is presumably dif-
ferent from the CaM-binding site, to recover the activ-
ity. Since they failed to increase the fluorescence inten-
sity of dansyl-CaM by GDIb (data not shown), it is
likely they did not interact directly with GD1b. It is thus
suggested that these glycosphingolipids interact with the
same site as GD1b does.

4. DISCUSSION

CaM-binding gangliosides are classified into two
groups according to their effects on PDE [4]: Group 1
gangliosides such as GDIb, GTib, and GDla show
strong direct activation and inhibition of the enzyme;
Group 2 gangliosides such as GM1, GM2, and GQlb
show little direct inhibition of the enzyme. As shown in
the present study, GM3, LM], and sulfatide did not
bind to CaM showing only a positive effect on the en-
zyme and should thus be classified into another group,
Group 3. They activated PDE to the maximum level
achieved by Ca**/CaM (Fig. 1) and showead no effect on
Ca*/CaM-stimulated PDE. PDE activity stimulated by
Group 3 glycosphingolipids was inhibited by a Group
S ganglinsids LD URe 2) The GDAbhanhihitiop was
competitive with Group 3 Qycospngolplos {Fig. 3) as
in the case of inhibitlion of Ca®/CaM-stimulated en-
zyme by GDIb where GDI1b inhibits the activity com-
petitively with CaM [4). Furthermore, as in the case of
inhibition of Ca**/CaM-stimulated PDE [4], GDIb,
even 4l activaling caaceatcations, inhibited activity
stimulaied by Group 3 glycosphingolipids (Fig. 2).
While Group 3 glycosphingolipids showed no effect on
the activily of trygsin-stimulated PDE, they eliminated
inhibition by GD1b of trypsin-stimulated enzyme (Fig.
4). Thus the effects of Group 3 glycosphingolipids on
PDE were quite similar to those of Ca®*/CaM. How-
ever, in contrast to CaM, Group 3 glycosphingolipids
provided no evidence of binding to GD1b as described
above. Thus, it is proposed that the glycosphingolipids
bind to the same site as GD1b binds, CaM-like binding
site [191 of the enzyme for activation. They may release
a suppressive domain, CaM-binding site from CaM-like
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Fig. 4. Effects on glycosphingolipids on GDIb inhibition of
phosphodiesterasc activaied by (rypsin-treatment. Various concenlra-
tions of GD1b were added to reaction mixtures of the trypsin-stimu-
laled phosphodiesterase in the presence of indicaled concenirations of
(A} GM3(NeuGe), (B) LMI(NeuGe) and (C) sulfatide. Activity is
expressed as activily relative to that without gangliosides. The irypsi
nized enzyme underwent no change in activity when glycosphingolip-
ids were added alone.

binding site to activate PDE. They may also release
GDI1b from CaM-like binding site by binding to this site
competitively with GD1b to eliminate enzyme inhibi-
tion caused by GD1b.

The present results suggest that sialyl residue of the
Group 3 glycosphingolipids is not essential but acidic
group and a certain length of saccharide chain which
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keeps the distance between acidic group and hydropho-
bic ceramide portion are necessary for the activation,
since sulfatide was potent activator besides GM3 and
LMI1, and sialyl nLc¢,Cer was much less effective than
LMI (Table ). In addition, difference in activation po-
tential of neutral glycosphingolipids (Table I) indicates
conformation of saccharide chain may also affect acti-
vation potency. It is noteworthy that Group 3 glyco-
sphingolipids are much more efficient than PDE acti-
vating lipids so far known, such as fatty acids and lyso-
phospholipids (EDs=20 #M or more) [20,21].

Since in vitro interactions of GM3, LM!, and sulfat-
ide with PDE have been shown in the present study, in
vivo interactions of these CaM-non-binding glycosphin-
golipids and PDE may occur, as has been postulated in
the case of CaM-binding gangliosides and CaM. Some
glycosphingolipids are reported to be present in cytosol
[22-27] and oriented to the cytosolic side in a membrane
[28-31], such glycosphingolipids, therefore, possibly in-
teract with CaM-dependent enzymes such as PDE to
regulate them at low Ca** concentrations or give some
bias toward these activities to modulate cell activities.
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