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SUMMARY: Two types of modified GM 3 strongly alter EGF-dependent phosphor- 
ylation of the EGF receptor in opposite directions, i.e., de-N-acetyl-GM 3 (amino- 
GM3; NeuNH2a2-+3Galfll--+4Glc131-+lCeramide ) strongly promotes tyrosine phosphoryla- 
tion of the EGF receptor of A431 cells, while lyso-GM 3 (NeuNAcc~2--+3Gal/31~ 
4Glc/31---+lSphingosine) as well as GM 3 inhibit tyrosine phosphorylation of the EGF 
receptor in the same cells under the same conditions. A hypothesis is proposed 
that de-N-acylation of gangliosides, in either the sialic acid or ceramide moiety, 
is a crucial event in triggering a positive or negative transmembrane signal, o 1987 
Academic Press, Inc. 

Cell surface glycolipids (or gangliosides) may have two basic cellular func- 

tions, i.e., (i) to mediate cell social functions, either cell-cell, cell-microbial, or 

cell-molecule interactions; and (ii) to modulate membrane-associated cellular 

functions through interaction with functional membrane proteins, such as recep- 

tors and transporters (1). As evidence for the second function, modulation of 

membrane proteins, gangliosides have been reported to affect internalization of 

FGF (2) and tyrosine phosphorylation of PDGF receptor (3) and EGF receptor (4). 

* This investigation has been supported by an Outstanding Investigator Grant from 
the National Institutes of Health (OIG CA42505) and by funds from The Biomem- 
brane Institute. We thank Professor T. Taketomi for his kind donation of CII 
compound (de-N-acetyl lyso-GM3). 
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Abbreviations: EGF, epidermal growth factor; EGTA, ethylene glycol-bis-(fl-amino- 
ethyl) N,N,N',N'-tetraacetic acid; HEPES, (N-3-hydroxyethylpiperazine-N'-2-ethane 
sulfonic acid); PBS, 0.14M NaC1 2raM phosphate buffer, Gangliosides are assigned 
as defined by Svennerholm (19). Lyso-glycolipids are defined as in Ref. 10,12. 
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Exogenous addition of GM 3 or GM 1 but not other gangliosides or neutral glyco- 

lipids influences FGF-,  EGF-,  and/or PDGF-dependent cell growth stimulation (2- 

4). More recently, data have been presented that indicate that polysialoganglio- 

sides inhibit C-kinase activity (5) and modulate phosphorylation of myelin 

membrane proteins (6). Interestingly, sphingosine and various types of lysoglyco- 

sphingolipids were shown to have a non-specific, common inhibitory effect on C- 

kinase activity by Bell and associates (7,8). As an extension of our studies on 

the effect of GM 3 on EGF receptor kinase activity (4), we studied, in the 

presence of various concentrations of detergent, the effect of modified GM3, 

which produced quite different results on receptor kinase activity than native 

GM 3 . 

MATERIALS & METHODS 

Preparation of GM 3 and its Derivatives: GM 3 was prepared from dog 
erythrocytes and extensively purified by DEAE-Sephadex followed by HPLC on an 
Iatrobeads column (6RS 8010) (Iatron Laboratories, Toyko, Japan). Lyso-GM 3 (de- 
fatty acylated GM3) was prepared by treatment of GM 3 with 1 N KOH in n- 
butanol (9-11), followed by isolation of de-N-acetyl and de-N-fat ty acyl GM 3 (de- 
N-acetyl lyso-GM3; CII compound, Fig. 1), and N-acetylation of sialic acid by 
carbodiimide and acetic acid while protecting the amino group of sphingosine by 
hydrophobic interaction with phosphatidylcholine in the form of a liposome. The 
yield of lyso-GM 3 by this method is greater than that of the previously published 
method (12) (Notes, G., Hanai, N., and Hakomori, S., unpublished data). A part of 
the CII compound preparation used in these experiments was kindly donated by 
Professor T. Taketomi, Shinshu University, Japan. De-N-acetyl-GM 3 (CI com- 
pound, Fig. 1) was found as one of the major early degradation products of treat- 
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Fil~ure l. Structures of GM 3 and its derivatives used in this study, 
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ment of GM 3 with 0.1 N KOH in n-butanol.  These compounds were characterized 
by NMR and mass spectrometry. Preparation and characterization of these 
compounds will be described elsewhere (Nores, G., Hanai, N., Eaton, H., Levery,  
S., and Hakomori,  S., manuscript in preparation). 

Cells and Receptor Kinase Assay: Human ovarial epidermoid carcinoma A431 
cells (13) were grown in Dulbecco's modified Eagle's medium supplemented with 
10% fetal calf serum. In order to maintain reproducibili ty,  the plasma membrane 
fraction of A431 cells was prepared, aliquotted, and stored in liquid nitrogen until 
use. Confluent cell culture in 150 mm plastic dishes was scraped, pelleted in PBS 
(800 x g), and resuspended in 7 ml of 20 mM HEPES buffer  (pH 7.4), 1 mM EGTA,  
0.5 mM phenylmethylsulfonylfluoride in 250 mM sucrose, and homogenized in 
Dounce homogenizer with a t ight-f i t t ing pestle (Wheaton Scientific, Millerville, 
NJ) and centr ifuged (3000 x g, 10 min). The supernatant fraction was centr i fuged 
at 100,000 x g 1 hour, and the pellet was resuspended in 300 #1 of  20 mM HEPES 
buffer  pH 7.4, aliquotted, and frozen. Phosphorylation of membrane proteins, 
particularly EGF receptors, was modified from the method previously described (4). 
The concentration of ATP added to the membrane assay system in the previous 
study was 10 nM, which was employed by Pike et al. to assay the PDGF receptor 
(14). Since the physiological concentration of intracellular ATP is greater than 
1.0 #M, the assay in the present study was performed with this concentration. In 
the previous paper, 0.2% Triton X-100 (oxidant- and ni t r i lo-free,  Pierce Chemical 
Co., Rockford,  IL) was used in the membrane assay system. However,  it was 
found that the detergent concentration greatly affects the receptor kinase activity 
(Torres-Mendez,  C.-R. ,  Cooper, J., and Hakomori,  S,, unpublished observation) (15), 
and therefore,  we studied the effect  of GM 3 and its derivatives at various 
concentrations of Triton X-100. The assay system is detailed in the legend of 
Fig. 2. Aliquots of the incubation mixture were subjected to SDS-polyacrylamide 
gel electrophoresis, and the radioactivity associated with the EGF receptor (Mr 
170 KD) was excised and counted as previously described (4). 

Demonstration of GM_ 3 Derivatives ill A431 Cells: A431 cells were extracted 
with chloroform-methanol  (2:1, v /v)  followed by three partitions with water 
according to Folch (16). The Folch upper phase was freed from salt by treatment 
with C18-silica gel column (17), followed by passage through a column of D E A E -  
Sephadex (A25) equilibrated with chloroform-methanol-water  (30:60:8, v / v / v )  and 
washed extensively with the same solvent. The adsorbed fraction was eluted with 
chloroform-methanol-0.08 M ammonium acetate (30:60:8, v / v / v ) ,  and the eluate was 
desalted with C18-silica gel column and evaporated to dryness in a rotary 
evaporator followed by evaporation under nitrogen stream. The dried material was 
applied on a silica HPLC column packed with Iatrobeads 6RS-8010, which was 
equilibrated with n-propanol-15% aqueous ammonium hydroxide (92:8, v /v ) ,  and 
eluted with a gradient from the same solvent to n-propanol-15% aqueous ammon-  
ium hydroxide (75:25, v /v)  during 200 min in Varian 500 HPLC equipment. Eluates 
were collected over a fraction collector (2 ml/fract ion) ,  and each fraction was 
analyzed on HPTLC. Under  these conditions, d e - N - a c e t y l - G M  3 and lyso-GM 3 were 
clearly separated without overlap. Standard preparations of GM 3, de -N-ace ty l -  
GM 3, and lyso-GM 3 were run under identical conditions, and the elution pattern 
was highly reproducible. The fractions containing d e - N - a c e t y l - G M  3 and lyso-GM 3 
were separately pooled and further analyzed by fluorescamine, ninhydrin,  and 
orcinol reaction. Details of the analytical procedures will be described elsewhere. 

RESULTS 

The Effect  of Tri ton X-100 on EGF-Dependent  Receptor Kinase Activi ty 

Although in our previous study the receptor kinase activity was determined 

with a constant concentration of 0.2% Triton X-100,  we found later that the 

concentration of the detergent is of crucial importance. The EGF-dependen t  EGF 
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Figure 2. Effects  of  Triton X-100 on in vitro phosphorylation of EGF receptor 
(170 KD) in A431 cell membranes.  J~anel A: Phosphorylation in the presence/or 
absence of GM3/o r  lyso GM 3. Panel B: Phosphorylation in the presence or 
absence of de-N-ace ty l  GM 3. A431 cell membranes  were incubated in the buffer  
(20 m M  HEPES, pH 7.4, 1 mM MnCI2, I0 #M ZnC12, 30 #M NaVO3) including 0.33 
#M EGF (receptor grade; Collaborative Research, Waltham, MA) plus 1.5 #M 
carrier BSA and various concentrations of Triton X-100 in the presence of 500 #M 
GM 3 or 500 #M lyso GM3o or absence of gangliosides for 10 min at 25°C in Panel 
A; the same membrane  fraction was incubated in the same buffer  in the presence 
or absence of de-N-ace ty l  GM 3 in Panel B. The reaction was started by the 
addition of 1.0 ,aM [r-32p] ATP (I0 ,aCi) for 10 min at 0°C. The total reaction 
volume was 50 ,al, and the amount  of membrane protein was 25 ,ag. The reactions 
were terminated by addition of 50 ,al of Laemmli 's  sample buffer  (20). Aliquots of 
the incubation mixture were subjected to SDS-polyacrylamide gel electrophoresis. 
The gel was washed with 1 M NaOH for 15 rain at 25°C and treated with i M 
NaOH for 1 hr at 40°C (18) and dried, followed by visualization by autoradio- 
graphy. The region containing the EGF receptor (170 KD) was excised from the 
gel and the 32p activity was determined by a liquid scintillation counter. 

r e c e p t o r  k i n a s e  ac t i v i t y  was  ve ry  low in  the  absence  o f  T r i t o n  X - 1 0 0 ,  i nc r ea sed  

g rea t ly  w i t h  a d d i t i o n  o f  T r i t o n  X - 1 0 0  up  to 0.05%, a n d  dec r ea sed  g rea t ly  at 

c o n c e n t r a t i o n s  h i g h e r  t h a n  0.2% (see Fig.  2A  and  2B; o p e n  circle ,  do t t ed  l ine).  

I n h i b i t i o n  o f  E G F  r e c e p t o r  k inase  ac t iv i ty  by  T r i t o n  X - 1 0 0  d e t e r g e n t  a lone  has  

b e e n  r e p o r t e d  (18). T h i s  bas ic  ac t iv i ty  was  c o m p a r e d  w i th  add i t i on  o f  va r ious  

types  o f  gang l ios ides .  

T h e  E f f e c t  o f  M o d i f i e d  and  Na t i ve  G M  3 on  E G F  R e c e p t o r  K i n a s e  A c t i v i t y  

Based  on  the  above  b a c k g r o u n d  va lues  o f  E G F - d e p e n d e n t  k inase  ac t iv i ty  at 

va r i ous  c o n c e n t r a t i o n s  o f  d e t e r g e n t ,  the  e f f e c t s  o f  G M  3 and  its two de r iva t ive s  

( l y s o - G M  3 a n d  d e - N - a c e t y l - G M  3) on E G F - d e p e n d e n t  k ina se  ac t iv i ty  were  c o m -  

pa red .  T h e  i n h i b i t o r y  e f f e c t  o f  G M  3 was  o b s e r v e d  on ly  at  r e l a t ive ly  low c o n c e n -  

t r a t ions  o f  T r i t o n  X - 1 0 0 ,  w h e r e a s  l y s o - G M  3 s h o w e d  c o n t i n u o u s  i n h i b i t i o n  at 
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Figure 3. Modulatory effects of various GM 3 derivatives on in vitro phosphoryla- 
tion of EGF receptor (170 KD) in A431 cell membranes. In vitro phosphorylation 
assay was performed in the presence of GM3, lyso-GM3, de-N-acetyl GM3, or de- 
N-acetyl lyso-GM 3 (500 #M). The assay method is detailed in the legend of Fig. 
2. Triton X-100 concentration was 0.05% (experiment I) or 0.2% (experiment II). 

concentra t ions  up to 0.2% of Tri ton X-100,  i.e., l y so -GM 3 showed a wider  range of 

inh ib i to ry  act ivi ty than G M  3 (Fig. 2A). It should be noted,  however ,  tha t  lyso- 

G M  3 itself  has strong detergent  activity and shows enhanced  kinase act ivi ty in 

the absence of Tr i ton  X-100 ,  as shown in Fig. 2A (solid circle, solid line). 

Interest ingly,  a very strong enhancemen t  of act ivi ty was demons t ra ted  wi th  

addition of de-N-acetyl-GM 3 (neuraminyl GM3) over a wide range of detergent 

concentra t ions  (Fig. 2B, solid circle, solid line). Thus,  this der ivat ive  is opposite 

to G M  3 and  l y s o - G M 3 in its modulat ion of the receptor  kinase under  physiological  

ATP concent ra t ion  and under  low Tr i ton X-100  detergent  concentra t ion.  Modu la -  

t ion of E G F - d e p e n d e n t  receptor  kinase act ivi ty by various G M  3 der ivat ives  was 

compared,  as shown in Fig. 3. Interest ingly,  l y so -GM 3 and G M  3 showed a similar 

inh ib i to ry  activity,  while de - N - ace t y l  G M  3 showed str ikingly opposite reactivity.  

Demons t ra t ion  of D e - N - A c e t y 1 - G M  3 and LVso-GM 3 in A431 Cells 

The f rac t ion  eluted f rom DEAE-Sephadex  column and fu r the r  separated by 
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HPLC on Iatrobeads 6RS-8010 column showed two components ,  one wi th  the same 

mobi l i ty  as d e - N - a c e t y l - G M  3 and the other  wi th  the same mobi l i ty  as l y so -GM 3. 

The compounds  were detected by HPTLC with f luorescamine and n inhydr in  reac-  

tion. Fur the r  details of the chemical  character izat ion of bo th  d e - N - a c e t y l - G M  3 

and l y so - G M 3 will be described elsewhere. 

DISCUSSION 

Previously,  G M  3 but  not  G M  1 or other  gangliosides exogenously added to 

culture med ium was shown to inhib i t  human  ovarial epidermoid  carc inoma A431 

and oral epidermoid  carc inoma KB cells, whereby E G F - d e p e n d e n t  receptor  kinase 

act ivi ty was strongly inhibi ted.  The inhib i ted  kinase act ivi ty was solely directed 

to tyrosine phosphate  (4). In those studies, however,  the concentra t ion  of ATP 

used was 10 nM, which is much  lower than the physiological  concent ra t ion  of 

ATP,  and G M  3 clearly inh ib i ted  the receptor  kinase act ivi ty over a wide range of 

concentra t ions  in the presence of 0.2% Tri ton X-100  (4). Therefore ,  the physio-  

logical s ignif icance of G M  3 inhib i t ion  of the receptor kinase activity was ambig-  

uous. As shown in this study, when  ATP concentra t ion  was adjusted closer to 

physiological,  i.e., 1.0 #M, the inhib i tory  activity of G M  3 was only found  at very 

low concentra t ions  of Tr i ton  X-100.  While searching for  condit ions to reproduce 

the e f fec t  of G M  3 at physiological ATP concentra t ion  and low Tri ton X-100  

concent ra t ion ,  we found  that  two G M  3 derivat ives showed pronounced  effects  on 

E G F  receptor  kinase activity.  A strong inhibi t ion  of  the activity was d e m o n -  

strated wi th  G M  3 at a low detergent  concentrat ion,  while the inhib i t ion  with 

l y so -GM 3, in which  the amino group of  sphingosine is free,  occurred at a wider  

range of detergent  concentrat ions.  

In contrast  to G M  3 and lyso-GM3,  a strong enhancemen t  of the receptor  

kinase act ivi ty was observed wi th  d e - N - a c e t y l - G M 3 ,  in which  the amino group of 

sialic acid is free. The enhancing  act ivi ty with  de -N-ace ty l  G M  3 was extremely 

strong over a wide range of  concentra t ions  of  Tr i ton  X-100  with physiological 

concent ra t ion  of ATP. The ganglioside f ract ion prepared  f rom A431 cells and 

f rom rat b ra in  showed the presence of a similar compound wi th  the same HPTLC 
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FiRure 4. De-N-acetyl GM 3 and lyso-GM 3 as positive and negative modulators of 
transmembrane signaling mechanism through EGF receptor kinase. Transmembrane 
signal through EGF receptor (designated R) can be modulated by modified GM 3 on 
EGF stimulation. Since EGF-dependent kinase activity was greatly stimulated by 
de-N-acetyl GM 3 but was inhibited by both GM 3 and lyso-GM 3 under physiological 
conditions, a possible mechanism modulating the EGF dependent-receptor kinase 
activity through modification by GM 3 and its derivative is illustrated in this 
scheme. Binding of EGF to its receptor (R) promotes kinase activity (Rk) 
triggering phosphorylation of various functional proteins (32K, 22K, etc.) as well 
as the receptor itself. The mechanism leads to internalization of EGF and 
triggers a cascade mechanism of protein phosphorylation. GM3, an ubiquitous and 
fundamental ganglioside component of membranes (M), provides both positive and 
negative modulatory function. A positive signal is provided by de-N-acetylation 
of the sialic acid moiety of GM 3 (probably by N-acetylase) and a negative signal 
is provided by de-N-fatty acylation of the ceramide moiety of GM 3 (probably by 
ceramidase). The presence of de-N-acetyl GM 3 or lyso-GM 3 is transient, and they 
may be re-synthesized to GM 3 after their function is accomplished. 

mobility and reactivity separated by DEAE-Sephadex  chromatography followed by 

HPLC on Iatrobeads in an n -p ropano l -ammonia  system. Although fur ther  extensive 

chemical characterization of these GM 3 derivatives is needed, the presence of 

such compounds in the naturally-occurring ganglioside fract ion strongly suggests 

that formation of these modif ied GM 3 compounds is instrumental  in modulating 

t ransmembrane signals through receptor kinase activity. A working hypothesis is 

presented in Fig. 4, in which positive and/or  negative signals are provided by 

removal of an N-acetyl  group from the sialic acid moiety, or removal of a fatty 

acid f rom the ceramide moiety by their respective specific enzymes. These 

modif ied  GM 3 compounds,  though found in small quantities, are highly effect ive as 

promotors or inhibitors of EGF-dependen t  receptor kinase activity. 
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