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pected to take place in the next few 
years. 
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velop a data base for the interpretation of 
images to be obtained from planetary 
missions. For Venus, and possibly Titan, 
radar will be the only means of mapping 
the planet's surface through the continu- 
ous and complete cloud cover. 

Because of the complex nature of 
SAR's on orbital platforms, the success- 
ful development of the Seasat SAR was a 
key technical advancement. Major tech- 
nological developments are still needed 
before multispectral orbiting SAR sen- 
sors can become operational, particular- 
ly in the area of digital, real-time pro- 
cessing. Because the radar sensor basi- 
cally provides a Doppler time-delay his- 
tory of each point target, thousands of 
computational operations are required to 
generate a single image element. This 
processing requirement, combined with 
the desire to have large swath mapping 
with high resolution, requires extremely 
fast processing hardware which is just at 
the limit of present-day technology. 

length about 3 cm), for example, the 
range of roughness sensitivity can prob- 
ably be expanded to 0.3 to 3 cm, thus im- 
proving the discrimination capability (18, 
20, 25). The development of a multi- 
spectral spaceborne radar system is ex- 
pected to take place in the next few 
years. 

Orbital radar will also allow us to de- 
velop a data base for the interpretation of 
images to be obtained from planetary 
missions. For Venus, and possibly Titan, 
radar will be the only means of mapping 
the planet's surface through the continu- 
ous and complete cloud cover. 

Because of the complex nature of 
SAR's on orbital platforms, the success- 
ful development of the Seasat SAR was a 
key technical advancement. Major tech- 
nological developments are still needed 
before multispectral orbiting SAR sen- 
sors can become operational, particular- 
ly in the area of digital, real-time pro- 
cessing. Because the radar sensor basi- 
cally provides a Doppler time-delay his- 
tory of each point target, thousands of 
computational operations are required to 
generate a single image element. This 
processing requirement, combined with 
the desire to have large swath mapping 
with high resolution, requires extremely 
fast processing hardware which is just at 
the limit of present-day technology. 

References and Notes 
1. G. H. Born, J. A. Dunne, D. B. Lame, Science 

204, 1405 (1979). 
2. For a detailed review of the SAR principle, see 

the following: W. M. Brown and L. J. Porcello, 
IRE Trans. Mil. Electron. MIL-6, I11 (1969); L. 
J. Cutrona, in Radar Handbook, M. I. Skolnik, 
Ed. (McGraw-Hill, New York, 1970), p. 23.1; R. 
O. Harger, Synthetic Aperture Radar Systems, 
Theory and Design (Academic Press, New 
York, 1970); H. Jensen, L. C. Graham, L. J. 
Porcello, E. N. Leith, Sci. Am. 237, 84 (October 
1977). 

3. K. Tomiyasu, Proc. IEEE 66, 563 (1978). 
4. In the case of the Seasat SAR, the illumination 

angle was fixed at 200. Two illumination direc- 
tions were possible, one during the ascending 
orbit and one during the descending orbit. The 
angle between these two directions varied from 
0? to 144?, depending on the latitude of the area 
being imaged. 

5. H. C. MacDonald, Mod. Geol. 1, 1 (1969); R. S. 
Wing, ibid. 1, 173 (1970); ibid. 2, 1 (1971);ibid., 
p. 75; _ and L. Dellwig, Geol. Soc. Am. 
Bull. 81, 293 (1970). 

6. W. E. Brown, C. Elachi, T. W. Thompson, J. 
Geophys. Res. 81, 2657 (1976). 

7. T. R. Larson, L. I. Moskowitz, J. W. Wright, 
IEEE Trans. Antennas Propag. AP-24, 393 
(1976). 

8. C. Elachi, J. Geophys. Res. 81, 2655 (1976); 
Boundary Layer Meteorol. 13, 165 (1978); 

, T. W. Thompson, D. King, Science 198, 
609 (1977). 

9. C. Elachi and J. Apel, Geophys. Res. Lett. 3, 
647 (1976). 

10. C. Elachi and W. E. Brown, IEEE Trans. An- 
tennas Propag. AP-25, 84 (1977); W. R. Alpers 
and C. L. Ruffenach, ibid. AP-27, 685 (1979). 

11. For more information, see the following: W. J. 
Campbell et al., Boundary Layer Meteorol. 13, 
309 (1978); F. Leberl, M. L. Bryan, C. Elachi, 
T. Farr, W. Campbell, J. Geophys. Res. 84, 
1827 (1979). 

12. R. K. Moore, in Manual of Remote Sensing, R. 
G. Reeves, Ed. (American Society of Photo- 
grammetry, Falls Church, Va., 1975). 

13. V. C. Miller, Photogeology (McGraw-Hill, New 
York, 1961); R. G. Ray, U.S. Geol. Surv. Prof. 
Pap. 373 (1972); T. E. Avery, Interpretation of 
Aerial Photographs (Burgess, Minneapolis, 

References and Notes 
1. G. H. Born, J. A. Dunne, D. B. Lame, Science 

204, 1405 (1979). 
2. For a detailed review of the SAR principle, see 

the following: W. M. Brown and L. J. Porcello, 
IRE Trans. Mil. Electron. MIL-6, I11 (1969); L. 
J. Cutrona, in Radar Handbook, M. I. Skolnik, 
Ed. (McGraw-Hill, New York, 1970), p. 23.1; R. 
O. Harger, Synthetic Aperture Radar Systems, 
Theory and Design (Academic Press, New 
York, 1970); H. Jensen, L. C. Graham, L. J. 
Porcello, E. N. Leith, Sci. Am. 237, 84 (October 
1977). 

3. K. Tomiyasu, Proc. IEEE 66, 563 (1978). 
4. In the case of the Seasat SAR, the illumination 

angle was fixed at 200. Two illumination direc- 
tions were possible, one during the ascending 
orbit and one during the descending orbit. The 
angle between these two directions varied from 
0? to 144?, depending on the latitude of the area 
being imaged. 

5. H. C. MacDonald, Mod. Geol. 1, 1 (1969); R. S. 
Wing, ibid. 1, 173 (1970); ibid. 2, 1 (1971);ibid., 
p. 75; _ and L. Dellwig, Geol. Soc. Am. 
Bull. 81, 293 (1970). 

6. W. E. Brown, C. Elachi, T. W. Thompson, J. 
Geophys. Res. 81, 2657 (1976). 

7. T. R. Larson, L. I. Moskowitz, J. W. Wright, 
IEEE Trans. Antennas Propag. AP-24, 393 
(1976). 

8. C. Elachi, J. Geophys. Res. 81, 2655 (1976); 
Boundary Layer Meteorol. 13, 165 (1978); 

, T. W. Thompson, D. King, Science 198, 
609 (1977). 

9. C. Elachi and J. Apel, Geophys. Res. Lett. 3, 
647 (1976). 

10. C. Elachi and W. E. Brown, IEEE Trans. An- 
tennas Propag. AP-25, 84 (1977); W. R. Alpers 
and C. L. Ruffenach, ibid. AP-27, 685 (1979). 

11. For more information, see the following: W. J. 
Campbell et al., Boundary Layer Meteorol. 13, 
309 (1978); F. Leberl, M. L. Bryan, C. Elachi, 
T. Farr, W. Campbell, J. Geophys. Res. 84, 
1827 (1979). 

12. R. K. Moore, in Manual of Remote Sensing, R. 
G. Reeves, Ed. (American Society of Photo- 
grammetry, Falls Church, Va., 1975). 

13. V. C. Miller, Photogeology (McGraw-Hill, New 
York, 1961); R. G. Ray, U.S. Geol. Surv. Prof. 
Pap. 373 (1972); T. E. Avery, Interpretation of 
Aerial Photographs (Burgess, Minneapolis, 

Minn., ed. 3, 1977); F. F. Sabins, Remote Sens- 
ing, Principles and Interpretation (Freeman, 
San Francisco, 1978). 

14. G. G. Schaber, G. L. Berlin, W. E. Brown, 
Geol. Soc. Am. Bull. 87, 29 (1976). 

15. J. Ford, Am. Assoc. Pet. Geol. Bull., in press. 
For lineament mapping with Seasat SAR, see 
also F. F. Sabins, R. Blom, and C. Elachi [ibid. 
64, 619 (1980)]. 

16. Foreshortening refers to the fact that areas with 
a slope toward the radar sensor will be spatially 
shortened as compared to areas of the same size 
with a slope away from the radar sensor. Fold- 
over refers to the situation when two or more 
points on the surface are at exactly the same 
range distance from the radar. In this case the 
images of these points are superimposed. This 
situation usually occurs when imaging rugged 
terrain at a small look angle (12). 

17. C. Elachi and T. Farr, Remote Sensing Envi- 
ron. 9, 171 (1980). 

18. G. G. Schaber, C. Elachi, T. Farr, ibid., p. 149. 
19. Based on a geologic map by C. B. Hunt and D. 

R. Mabey, U. S. Geol. Surv. Prof. Pap. 494-A 
(1966). 

20. M. Daily, C. Elachi, T. Farr, G. Schaber, 
Geophys. Res. Lett. 5, 899 (1978); J. Photo- 
gramm. Remote Sensing 45, 1109 (1979). 

21. M. W. Long, Radar Reflectivity of Land and 
Sea (Lexington, Lexington, Mass., 1975); G. R. 
Valenzuela, Boundary Layer Meteorol. 13, 61 
(1978). 

22. J. W. Wright, Boundary Layer Meteorol. 13, 87 
(1978). 

23. G. Ewing,J. Mar. Res. 9, 161 (1950); A. E. Gar- 
rett and B. A. Hughes, J. Fluid Mech. 52, 179 
(1972). 

24. J. R. Apel, H. M. Bryne, J. R. Proni, R. L. 
Charnell, J. Geophys. Res. 80, 865 (1975). 

25. L. F. Dellwig and R. K. Moore, ibid. 71, 3597 
(1966); L. Dellwig, Mod. Geol. 1, 65 (1969). 

26. This article represents the results of one phase 
of research carried out at the Jet Propulsion 
Laboratory, California Institute of Technology, 
under contract NAS7-100, sponsored by the 
Non-Renewable Resources Office, Office of 
Space and Terrestrial Applications, NASA. I 
thank M. Abrams, R. Blom, M. L. Bryan, M. 
Daily, T. Dixon, J. Ford, R. S. Saunders, and H. 
Stewart from Jet Propulsion Laboratory for their 
helpful discussions. 

Minn., ed. 3, 1977); F. F. Sabins, Remote Sens- 
ing, Principles and Interpretation (Freeman, 
San Francisco, 1978). 

14. G. G. Schaber, G. L. Berlin, W. E. Brown, 
Geol. Soc. Am. Bull. 87, 29 (1976). 

15. J. Ford, Am. Assoc. Pet. Geol. Bull., in press. 
For lineament mapping with Seasat SAR, see 
also F. F. Sabins, R. Blom, and C. Elachi [ibid. 
64, 619 (1980)]. 

16. Foreshortening refers to the fact that areas with 
a slope toward the radar sensor will be spatially 
shortened as compared to areas of the same size 
with a slope away from the radar sensor. Fold- 
over refers to the situation when two or more 
points on the surface are at exactly the same 
range distance from the radar. In this case the 
images of these points are superimposed. This 
situation usually occurs when imaging rugged 
terrain at a small look angle (12). 

17. C. Elachi and T. Farr, Remote Sensing Envi- 
ron. 9, 171 (1980). 

18. G. G. Schaber, C. Elachi, T. Farr, ibid., p. 149. 
19. Based on a geologic map by C. B. Hunt and D. 

R. Mabey, U. S. Geol. Surv. Prof. Pap. 494-A 
(1966). 

20. M. Daily, C. Elachi, T. Farr, G. Schaber, 
Geophys. Res. Lett. 5, 899 (1978); J. Photo- 
gramm. Remote Sensing 45, 1109 (1979). 

21. M. W. Long, Radar Reflectivity of Land and 
Sea (Lexington, Lexington, Mass., 1975); G. R. 
Valenzuela, Boundary Layer Meteorol. 13, 61 
(1978). 

22. J. W. Wright, Boundary Layer Meteorol. 13, 87 
(1978). 

23. G. Ewing,J. Mar. Res. 9, 161 (1950); A. E. Gar- 
rett and B. A. Hughes, J. Fluid Mech. 52, 179 
(1972). 

24. J. R. Apel, H. M. Bryne, J. R. Proni, R. L. 
Charnell, J. Geophys. Res. 80, 865 (1975). 

25. L. F. Dellwig and R. K. Moore, ibid. 71, 3597 
(1966); L. Dellwig, Mod. Geol. 1, 65 (1969). 

26. This article represents the results of one phase 
of research carried out at the Jet Propulsion 
Laboratory, California Institute of Technology, 
under contract NAS7-100, sponsored by the 
Non-Renewable Resources Office, Office of 
Space and Terrestrial Applications, NASA. I 
thank M. Abrams, R. Blom, M. L. Bryan, M. 
Daily, T. Dixon, J. Ford, R. S. Saunders, and H. 
Stewart from Jet Propulsion Laboratory for their 
helpful discussions. 

The mechanisms by which specific 
biochemical signals are transmitted 
through membranes is a problem of ma- 
jor importance in biology. Biochemical 
messages in the form of neurotransmit- 
ter, peptide hormone, lectin, and immu- 
noglobulin ligands are recognized by and 
bind to specific receptor macromolecules 
on the outer surface of cell membranes. 
These interactions then initiate chemical 
and physical changes in membranes 
which in turn allow cells to carry out 
their specific function. Experiments in 
our laboratory in the past 3 years have 
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shown that enzymatic methylation of 
phospholipids play an important role in 
the transduction of receptor-mediated 
signals through the membranes of a vari- 
ety of cells. 

Phospholipid Methylation, Translocation, 
and Membrane Fluidity 

We observed that the addition of Mg2+ 
ions to adrenal medulla homogenates 
stimulated the incorporation of the radio- 
active methyl group of S-adenosyl-L- 
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[methyl-3H]methionine (SAM), a methyl 
donor, into a lipid fraction (1). This 
prompted us to examine the identity of 
the [3H]methylated lipids, which we sep- 
arated by extraction with organic sol- 
vents and by thin-layer chromatography. 
We found that the [3H]methyl groups 
were incorporated into phosphatidyl- 
N-monomethylethanolamine, phosphati- 
dyl-N,N,-dimethylethanolamine, and phos- 
phatidylcholine. After further work, we 
found two enzymes in the adrenal 
medulla that converted phosphatidyleth- 
anolamine to phosphatidylcholine by 
successive methylations with SAM (1). 
Synthesis of phosphatidylcholine by two 
methyltransferases had been proposed 
previously (2) in genetic variants of the 
yeast Neurospora crassa. 

The two phospholipid methyltransfer- 
ases in the adrenal medulla have differ- 
ent properties (Fig. 1). The first enzyme 
(methyltransferase 1) converts phos- 
phatidylethanolamine to phosphatidyl- 
N-monomethylethanolamine, requires 
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Mg2+, has an optimal pH about 7.0 and a 
low Km (Michaelis constant, about 2 pM) 
for SAM. The second enzyme (methyl- 
transferase II) catalyzes the stepwise 
methylation of phosphatidyl-N-mono- 
methylethanolamine to phosphatidylcho- 
line. This enzyme, which has been de- 
scribed previously [see (3)], does not re- 
quire Mg2+, has a high Km (about 100 
pM) for SAM, and an optimal pH of 
10.0. The two methyltransferases are lo- 
calized in the microsomes and mitochon- 
dria of the adrenal medulla. They have 
been found in all tissues thus far exam- 
ined: brain (4), red cells (5), lymphocytes 
(6), mast cells (7), and basophils and neu- 
trophils (8). 

The molecular organization of mem- 
branes consists of a lipid bilayer in which 
biochemically active proteins are embed- 
ded. The lipid bilayer of biological mem- 
branes is mainly composed of phospho- 
lipids and provides a fluid matrix for pro- 
tein organization and movement (9). Lip- 
ids are asymmetrically distributed in 
plasma membranes with phosphatidyl- 
ethanolamine largely facing the cyto- 
plasmic side and phosphatidylcholine 
mainly orientated toward the outside 
(10). An important question for under- 
standing membrane function is how lipid 
asymmetry comes about. The asymmet- 
rical distribution of phosphatidylethanol- 
amine, the substrate for methyltransfer- 
ase I, and phosphatidylcholine, the prod- 
uct of methyltransferase II, led to a 
study of the localization of these en- 
zymes in membranes (5). For these ex- 
periments, erythrocyte ghosts were 
used, since they can be prepared right- 
side-out and inside-out (11). 

Rat erythrocyte ghosts were first ex- 
amined for the presence of the two phos- 
pholipid methyltransferase enzymes. 
Both enzymes were found to be present 
in the erythrocyte membranes (5). The 
topology of the lipid methyltransferases 
was studied by introducing [methyl- 
3H]SAM into right-side-out erythrocyte 
ghosts by incubation at 40C overnight. 
After the methyl donor was introduced 
into the cells the enzyme reaction was 
started by incubation at 37C. This led 
to the incorporation of the [3H]methyl 
group into phospholipids. Incubating 
right-side-out erythrocyte ghosts with 
the radioactive methyl donor present on 
the outside of the membrane resulted in 
negligible methylation of phospholipids. 
When the membranes were turned in- 
side-out so that the cytoplasmic side 
faced out, there was an increase in the 
methylation of phospholipids upon the 
addition of SAM. After introduction of 
SAM into the interior of an inside-out 
membrane, there was little methylation 
5 SEPTEMBER 1980 

of phospholipids. It was concluded that membranes of Bacillus megatherium 
methylation of phospholipids begins on (14). 
the cytoplasmic side of the membrane, The methylation and the rapid vectoral 
where the substrate phosphatidyletha- rearrangement of phospholipids had an 
nolamine for methyltransferase I is local- influence on membrane fluidity. The ef- 
ized. fect of methylation and translocation of 

The asymmetric localization of the phospholipids on membrane viscosity 

Summary. Many types of cells methylate phospholipids using two methyl- 
transferase enzymes that are asymmetrically distributed in membranes. As the phos- 
pholipids are successively methylated, they are translocated from the inside to the 
outside of the membrane. When catecholamine neurotransmitters, lectins, immuno- 
globulins or chemotaxic peptides bind to the cell surface, they stimulate the methyl- 
transferase enzymes and reduce membrane viscosity. The methylation of phospho- 
lipids is coupled to Ca2+ influx and the release of arachidonic acid, lysophos- 
phatidylcholine, and prostaglandins. These closely associated biochemical changes 
facilitate the transmission of many signals through membranes, resulting in 
the generation of adenosine 3',5'-monophosphate in many cell types, release of 
histamine in mast cells and basophils, mitogenesis in lymphocytes, and chemo- 
taxis in neutrophils. 

phospholipid methylating enzymes was 
demonstrated by selective proteolytic di- 
gestion with trypsin (5). When added to 
cells, trypsin will only digest proteins 
that face the outside of the membrane. 
When right-side-out erythrocytes were 
incubated with trypsin, methyltransfer- 
ase II, the enzyme that synthesizes phos- 
phatidylcholine, was destroyed. Con- 
versely, when inside-out membranes 
were treated with trypsin, methyl- 
transferase I was digested and methyl- 
transferase II was spared. These experi- 
ments showed that methyltransferase I 
faces the cytoplasmic side of the mem- 
brane together with its substrate, while 
methyltransferase II, which successively 
methylates phosphatidyl-N-monometh- 
ylethanolamine to phosphatidylcholine, 
faces the outside of the membrane. 

The question of whether phospholip- 
ids are translocated across the mem- 
brane during the methylation process 
was examined by treating erythrocyte 
ghosts with phospholipase C (E.C. 
3.1.4.3) (12). This enzyme removes the 
polar head of phospholipids facing the 
outside surface of the membrane togeth- 
er with the enzymatically attached radio- 
active methyl group. By using phospholi- 
pase C and inside-out and right-side-out 
erythrocyte ghosts to which [methyl- 
3H]SAM was added, it was found that 
methylated phospholipids are translocat- 
ed from the cytoplasmic side of the mem- 
brane to the exterior surface. The enzy- 
matically facilitated flip-flop of the 
methylated phospholipids occurred rap- 
idly, in less than 2 minutes. This is dif- 
ferent from the much slower transloca- 
tion of phospholipids in liposomes (13). 
A rapid translocation of phosphatidyl- 
ethanolamine has also been reported in 

was examined by treating erythrocyte 
ghosts with 1,6-diphenyl-l,3,5-hexatri- 
ene (DPH). The anisoscopy of DPH fluo- 
rescence by polarized light reflects mem- 
brane viscosity (15). When phospholip- 
ids were methylated by introducing 
SAM into resealed erythrocyte ghosts, 
there was a decrease in the micro- 
viscosity of the membrane as measured 
by DPH (16). The decreased micro- 
viscosity was abolished when methyl- 
ation of phospholipids was inhibited by 
S-adenosylhomocysteine (SAH). When 
varying concentrations of SAM were 
used, the synthesis of phosphatidyl-N- 
monomethylethanolamine had an impor- 
tant effect on membrane fluidity. Further 
methylation to phosphatidylcholine had 
little influence on membrane viscosi- 
ty. Phosphatidyl-N-monomethylethanol- 
amine was found to be deeply embedded 
in the membrane as measured by treat- 
ment with phospholipase C (5). Thus, the 
methylation of phosphatidylethanolamine 
or the rapid transit of the monomethylated 
lipid, or both, appear to influence mem- 
brane fluidity. 

,8-Adrenergic Receptors Regulate 

Phospholipid Methylation 

The discovery of two methyltransfer- 
ases and their ability to translocate phos- 
pholipids suggested that they might have 
important biological functions. Imma- 
ture red cells (reticulocytes) have j-ad- 
renergic receptors that are coupled to 
adenylate cyclase (E.C. 4.6.1.1) (17). 
These cells can be prepared as nonleaky 
ghosts. This made it possible to intro- 
duce [methyl-3H]SAM inside the reticu- 
locyte ghost and to examine the effect of 
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stimulating the /3-adrenergic receptor 
with catecholamine agonists on phos- 
pholipid methylation, membrane fluid- 
ity, and adenylate cyclase (18). 

Rats were stimulated to form reticulo- 
cytes by the injection of phenylhydra- 
zine. The [methyl-3H]SAM was in- 
troduced into preparations of reticulo- 
cyte ghosts and the effect of a potent 3- 
adrenergic agonist, L-isoproterenol, on 
the incorporation of [3H]methyl group 
into phospholipids, was examined (18). 
L-Isoproterenol caused an increase in the 
incorporation of [3H]methyl group into 
phospholipids in a dose-dependent man- 
ner. The increased methylation of phos- 
pholipids by L-isoproterenol did not oc- 
cur in leaky reticulocyte ghosts, indicat- 
ing that the structural integrity of the 
membrane was necessary. By using 
phospholipase C it was found that stimu- 
lation with isoproterenol caused a flip- 
flop of the methylated phospholipids 
from the cytoplasmic side to the outer 
surface of the reticulocyte membrane. 
The stimulation of phospholipid methyl- 
ation by isoproterenol was stereospecif- 
ic. The order of potency for agonists was 
L-isoproterenol > L-adrenaline > L-nor- 
adrenaline. Propranolol, a 3-adrener- 
gic antagonist, blocked the isoproterenol- 
stimulated methylation while phentola- 
mine, an a-adrenergic antagonist, had no 
effect (17). The value for half-maximal 
activation of phospholipid methylation 
by isoproterenol was close to that neces- 
sary for half-maximal activation of 
adenylate cyclase in rat reticulocyte 
ghosts. Previous work had shown that 3- 
adrenergic receptor activity is sensitized 
by guanosine triphosphate (GTP) (19). 
Consistent with this was the observation 
that GTP increased the ability of iso- 
proterenol to stimulate phospholipid 
methylation. In the presence of the gua- 
nyl nucleotide the Ka value (activation 
constant) for phospholipid methylation 
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by isoproterenol was reduced from 30 
t,M to 0.8 uiM, but the Vmax (maximum 
velocity) remained unchanged. All of 
these observations indicated that binding 
of the /-adrenergic receptor on the cell 
surface by catecholamines activated the 
methylation of phospholipids in reticulo- 
cyte membranes (Fig. 2). 

When the /3-adrenergic receptor binds 
to isoproterenol, it couples with the 
adenylate cyclase to generate adenosine 
3',5'-monophosphate (cyclic AMP) (Fig. 
2). Increased phospholipid methylation 
could be caused by the interaction of the 
/3-adrenergic receptor with its ligand or 
by the direct activation of adenylate cy- 
clase. Cholera toxin and sodium fluoride 
can stimulate adenylate cyclase directly, 
bypassing the receptor. The addition of 

ATP' J cyclicAMP 

Fig. 2. Phospholipid methylation and j3-adre- 
nergic receptor coupling. When catechol- 
amine (CA) binds to /-adrenergic receptor (fiR), 
it stimulates phospholipid methyltransferase I 
(PMT I) and phospholipid methyltransferase 
II (PMT II). This increases the methylation of 
phosphatidylethanolamine (PE) to phosphati- 
dyl-N-monomethylethanolamine (PME) and 
to phosphatidylcholine (PC). As the phos- 
pholipids are methylated they flip-flop and in- 
crease fluidity (-). This facilitates the lateral 
mobility of the 3-adrenergic receptor to inter- 
act with the guanylnucleotide coupling factor 
(CF) and adenylate cyclase (Ad. cyc.) to gen- 
erate cyclic AMP. 

either of these compounds had little ef- 
fect on phospholipid methylation (18). 
Thus, stimulation of membrane lipid 
methylation is due to the binding of the 
,/-adrenergic receptor to its agonists and 
is not secondary to the activation of 
adenylate cyclase. 

Phospholipid methylation increases 
the fluidity of reticulocyte membranes 
(18) and this should enhance the lateral 
mobility and rotation of the /-adrenergic 
receptor. If this were so, then increased 
phospholipid methylation should facili- 
tate the coupling of the receptor on the 
outer surface with adenylate cyclase fac- 
ing the cytoplasmic side of the mem- 
brane. Increasing the methylation of lip- 
ids by introducing SAM into the reticulo- 
cyte ghosts increased the isoproterenol- 
stimulated adenylate cyclase more than 
twofold (18). The greatest change in cou- 
pling of the receptor with the cyclase en- 
zyme occurred at a concentration of 
SAM which caused activation of methyl- 
transferase I and the generation of phos- 
phatidyl-N-monomethylethanolamine. In- 
creasing membrane fluidity by the ad- 
dition of vaccenic acid to turkey erythro- 
cytes also facilitated receptor adenylate 
cyclase coupling, whereas decreasing 
fluidity with cholesterol reduced hor- 
mone receptor cylase coupling (20). 
From these experiments it appears that 
the uncoupled /-adrenergic receptor 
depresses methyltransferase activity. 
This is compatible with the observation 
that solubilization of the membranes 
with nonionic detergents, a procedure 
that would separate the enzyme and re- 
ceptor, increases methylation activity. 
With the interaction of the /-receptor 
and an agonist, the suppression of the 
enzyme might be overcome and phos- 
pholipid methylation increased. More 
monomethylphospholipids would be 
generated which would decrease mem- 
brane viscosity. This would allow for a 
greater lateral movement of the recep- 
tors and a greater chance to couple with 
adenylate cyclase (Fig. 2). 

HeLa cells contain /-adrenergic re- 
ceptors that can couple with adenylate 
cyclase. This property gave us an oppor- 
tunity to study the role of the /3-adrener- 
gic receptor in the activation of phos- 
pholipid methylation in another cell line. 
Since SAM does not easily penetrate in- 
tact HeLa cells, phospholipid methyl- 
ation was measured by the incorporation 
of the [3H]methyl group into the lipid 
fraction from [3H]methionine. SAM is 
readily synthesized from [3H]methionine 
in these cells. Phospholipid methylation 
was stimulated by catecholamines with 
an order of potency characteristic of 
a 3-adrenergic receptor: isoproterenol 
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> adrenaline > noradrenaline (21). There 
was a close parallelism between the 
dose response curves of the various 
catecholamines for phospholipid methyl- 
ation and for the formation of cyclic 
AMP. Both phospholipid methylation 
and cyclic AMP formation were blocked 
by the /-adrenergic antagonist, propran- 
olol, and not by the a-adrenergic antago- 
nist, phentolamine. 

Phospholipid Methylation Regulates 

,8-Adrenergic Receptors 

The cellular response to many neuro- 
transmitters and hormones is regulated 
by changes in receptor number and cou- 
pling of membrane-bound enzymes, a 
process that generates intracellular ef- 
fectors. 8/-Adrenergic receptor numbers 
can be measured by using a radioactive 
ligand, such as [3H]dihydroalprenolol 
(22), which has a high affinity for the re- 
ceptors. The effect of phospholipid 
methylation on 8/-adrenergic receptor 
numbers was examined in rat reticulo- 
cyte ghosts. The methylation of phos- 
pholipids was stimulated by incubating 
rat reticulocyte ghosts at 37?C with SAM 
for about 60 minutes (23). Under this 
condition, the number of 3-adrenergic 
binding sites increased about 30 to 40 
percent. When the methyltransferase in- 
hibitor, SAH, was introduced into the 
ghosts together with the methyl donor, 
both phospholipid methylation and the 
appearance of new i-adrenergic recep- 
tors were inhibited. The increase in the 
number of /-adrenergic sites due to 
methylation was temperature-depen- 
dent, showed no change on incubation at 
4?C, and caused no change in the affinity 
of [3H]dihydroalprenolol. Incubating re- 
ticulocyte ghosts with varying concen- 
trations of SAM indicated that the num- 
ber of 8-adrenergic binding sites in- 
creased with the synthesis of phosphati- 
dylcholine but not with the synthesis 
of phosphatidyl-N-monomethylethanol- 
amine (23). The increased number of re- 
ceptor sites did not require new protein 
synthesis. From these studies it appears 
that receptors are hidden in membranes 
and become available to specific ligands 
when the synthesis of phosphatidylcho- 
line is increased. Increased phospholipid 
methylation also enhances the binding of 
125I-labeled human growth hormone in 
membranes from mammary glands of 
lactating mice (24). 

In another experiment with HeLa 
cells, it was found that the number of /3- 
adrenergic receptors can rapidly change 
depending on the extent of phospholipid 
methylation. 3-Deazaadenosine (3-DZA) 
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can enter cells and then form metabolites 
that inhibit transmethylation reactions. 
These methyltransferase inhibitors are 
useful for examining the physiological 
role of transmethylation reactions. When 
3-DZA was added to HeLa cells, the 
number of 8-adrenergic receptors and 
the formation of cyclic AMP were rapid- 
ly reduced (25). In the range of concen- 
trations of 3-DZA used, phospholipid 
methylation was inhibited to a much 
greater extent than protein or nucleotide 
methylation. When the methyltransfer- 
ase inhibitors were removed from the 
cells by washing, the 3-adrenergic recep- 
tor number returned to normal within 1 
hour. Thus, the degree of phospholipid 
methylation can mask or unmask hidden 
receptors. 

Cells exposed to reduced concentra- 
tions of hormones or transmitters rapidly 
adapt by becoming supersensitive. In 
contrast, when cells are exposed to ex- 
cessive amounts of hormones or trans- 
mitters they become desensitized (26). 
As will be described below, phospholipid 
methylation is closely coupled with 
phospholipase A2 (E.C. 3.1.1.4) activa- 
tion, and phospholipase A2 appears to be 
involved in the desensitization of 8-ad- 
renergic receptors. Cells of the C6 rat 
glioma astrocytoma line have 8-adrener- 
gic receptors that are coupled to adenyl- 
ate cyclase. These cells can be rapidly 
desensitized after repeated exposure to 
,3-adrenergic agonists, such as isopro- 
terenol (27). When C6 astrocytoma cells 
were treated with phospholipase A2 in- 
hibitors, such as mepacrine or tetra- 
caine, refractoriness to cyclic AMP for- 
mation after successive treatments with 
isoproterenol was abolished (28). When 
cells were treated with phospholipase A2 
activators, such as phorbol esters or mel- 
litin, the astrocytoma cells were rapidly 
desensitized. This desensitization is 
probably mediated by one or more prod- 
ucts of phospholipase A2 activity, such 
as lysophosphatidylcholine or arachi- 
donic acid or its prostanglandin metabo- 
lites. 

In addition to having ,-adrenergic re- 
ceptors, cultured C6 astrocytoma cells 
have benzodiazepine receptors (29). 
Benzodiazepines are a group of drugs 
that have antianxiety properties. The 
presence of more than one type of recep- 
tor in these cells provided an opportunity 
to examine whether the occupation of 
both types of receptor can effect methyl- 
transferase in an additive manner (30). 
C6 astrocytoma cells were incubated 
with [methyl-3H]methionine and 8-ad- 
renergic agonists were then added. The 
/-adrenergic agonists stimulated the in- 
corporation of [3H]methyl groups into 

phospholipids in a dose-dependent man- 
ner. The ability of the agonists to in- 
crease methylation was closely corre- 
lated to their capacity to stimulate 
adenylate cyclase (30). 

Benzodiazepine also stimulated the in- 
corporation of [3H]methyl groups into 
phospholipids of C6 astrocytoma cells in 
a dose-dependent manner (30). The po- 
tency of several benzodiazepine-like 
drugs matched their potency in dis- 
placing the agonist [3H]diazepam from 
the receptor binding sites. Benzodiaze- 
pine and /3-adrenergic agonists could act 
on the same pool of methyltransferase 
enzymes or on separate domains associ- 
ated with the specific receptors. If the 
benzodiazepine and 3-adrenergic agon- 
ists increased phospholipid methylation 
in the same methyltransferase membrane 
pool, then stimulation of both receptors 
would elevate methylation no more than 
if either receptor received maximum 
stimulation. If methyltransferases were 
associated with a specific receptor on 
different domains in the membrane the 
effect on phospholipid methylation with 
the simultaneous application of both 
types of agonists would be additive. 
When /3-adrenergic and benzodiazepine 
agonists were added together at a maxi- 
mum concentration, phospholipid 
methylation was increased in an additive 
manner (30). These observations in- 
dicate that different receptors are located 
in separate areas in the membrane and 
are associated with their own com- 
plement of methyltransferase enzymes. 
Thus, activation of each receptor would 
affect the phospholipid associated 
changes in viscosity only in the vicinity 
of that receptor. This is consistent with 
the finding that stimulation of fibroblasts 
with the lectin concanavalin A (Con A) 
results in restricted lateral mobility of re- 
ceptors (31). 

Phospholipid Methylation, Ca2+ 

Influx, and Histamine Release 

For examining the effects of phos- 
pholipid methylation on the transmission 
of other biological signals, rat mast cells 
were used. Mast cells have specific re- 
ceptors for immunoglobulin E (IgE) (32). 
The bridging of cell-surface IgE mole- 
cules by either multivalent antigens or 
divalent antibodies to IgE triggers the re- 
lease of histamine from these cells (33). 
For examining the relation between 
phospholipid methylation and histamine 
release, Con A was initially used. Con A 
provokes clustering of IgE and sets off 
a series of intracellular events that lead 
to secretion of histamine (32). Mast 
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Fig. 3. Phospholipid methylation, Ca2+ influx, and histamine release in rat mast cells. Mast c 
were first incubated with [3H]methionine or 45Ca2+. Incorporation of [3H]methyl groups i 
phospholipids, 45Ca2+ influx, and histamine release were measured after various treatmet 
Cells were treated with either divalent F(ab) ( ) or monovalent Fab' (---) ltagments 
antibodies to RBL cells. [From (40)] 

cells were obtained from rat peritoneal 
fluid and incubated with L-[methyl- 
3H]methionine. Methionine is rapidly 
converted to SAM in these cells. Treat- 
ing the cells with Con A resulted in a rap- 
id incorporation of the [3H]methylgroup 
into the lipid fraction followed by a re- 
lease of histamine (7). After about 3 min- 
utes there was a decrease in the methyl- 
ated phospholipids, suggesting further 
metabolism of the lipids. In the absence 
of Con A, there was little lipid methyl- 
ation or histamine release. When the 
binding of Con A was blocked with f- 
methylmannoside or the temperature 
lowered to 4?C, the Con A-mediated his- 
tamine release and the increased methyl- 
ation were abolished (7). 

In additional experiments to show the 
association between Con A-stimulated 
phospholipid methylation and histamine 
release, the methyltransferase inhibitor 
5'-deoxyisobutylthio-3-deazaadenosine (3- 
deaza-SIBA) or 3-DZA together with 
homocysteine-thiolactone were used. 3- 
Deaza-SIBA acts directly as a methyl- 
transferase inhibitor (34); 3-DZA is mne- 
tabolized intracellularly to an analog of 
SAH and also inhibits the metabolism of 
SAH (34). Incorporation of these com- 
pounds into mast cells reduced the in- 
crease in phospholipid methylation as 
well as in histamine release after treat- 
ment with Con A (7). 

Mast cells are deficient in phosphati- 
dylserine, a precursor of phosphatidyl- 
ethanolamine (35). The addition of phos- 
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phatidylserine to rat mast cells increa 
the release of histamine after treatm 
with Con A. When phosphatidylsei 
was omitted there was also a reductio 
the incorporation of [3H]methyl group 
to phospholipids after treatmentv 
Con A (7). Upon the addition of [11 
phosphatidylserine to mast cells, ( 
A stimulated the incorporation of ra( 
activity into mast cells. An exami 
tion of the products showed the pi 
ence of radioactive mono-, di-, and 
methylated phospholipids as well 
lysophosphatidylcholine (7). All of th 
experiments indicate that the binding 
Con A triggers a cascade of biochem 
reactions in mast cell membranes as 
lows: phosphatidylserine -_.2 phosp 
tidylethanolamine + phosphatidyl 
monomethylethanolamine +2 CH ph 
phatidylcholine -fatty aci lysophosph 
dylcholine. In the course of these r 
tions, the substrates phosphatidylsei 
and phosphatidylethanolamine, wl; 
are usually localized on the cytoplas 
side of the membrames (10), are pr 
ably translocated to the outer surfa 
During the transit and methylation 
phospholipids through the membran 
reduction of viscosity might occur, 
has been shown with erythrocyte m, 
branes (16). An increase in flui< 
should facilitate lateral mobility 
clustering of cell surface receptors. 

Histamine is released from mast c 
by exocytosis involving fusion of the 1 
genic amine-containing vesicles with 

plasma membrane (36). The presence of 
Ca2+ is necessary for the exocytotic re- 
lease of histamine. Phospholipid methyl- 
ation appears to be involved in the Ca2+- 
evoked histamine release. The presence 
of Ca2+ is also required for the activation 

c of phospholipase A2, the enzyme that 
transforms phosphatidylcholine to lyso- 
phosphatidylcholine (37). Lysophos- 
phatidylcholine has been shown to be de- 
tergent-like and a fusogen; it also stimu- 
lates mast cell secretion (38). Inhibition 
of phospholipase A2 with mepacrine 
(quinacrine) reduces the release of hista- 
mine (7). 

The availability of antibodies against 
IgE and its receptors made it possible to 
examine the relations between phos- 
pholipid methylation, bridging, of cell 
surface IgE receptors, Ca2 influx, and 
the release of chemical mediators from 
mast cells. It has been demonstrated that 

ells antibodies against IgE receptors or their nto 
its F(ab') fragments cause an influx of 
of 4Ca2+ into mast cells (39). This is fol- 

lowed by release of histamine. The effect 
of antibodies to the IgE receptors of rat 
basophilic leukemia (RBL) cells on phos- 

Lsed pholipid methylation in mast cells was 
lent examined (40). The F(ab')2 fragments of 
rine antibodies to RBL cells induced a rapid 
n in incorporation of [3H]methyl groups into 
>in- lipids. Maximum phospholipid methyl- 
vith ation was reached very quickly, within 
4C]- 15 seconds, and had declined to base line 
Con by 30 seconds (Fig. 3). The uptake of 
dio- 4Ca2+ and release of histamine were aso 
ina- measured after stimulaion with F(ab')2 
res- fragments of antibodies to RBL cells 
tri- (40). The uptake of 45Ca2+ followed the 
as rise and fall of phospholipid methylation 

lese and reached a plateau in about 2 min- 
g of utes. Maximum histamine release was 
tical achieved within 2 to 3 minutes. When 
fol- mast cells were stimulated with a Fab' 
)ha- monomer fragment of antibodies to RBL 
I-N- cells there was no increase in phospho- 
ios- lipid methylation (Fig. 3). Monovalent 
lati- fragments also failed to induce 45Ca2 up- 
eac- take or histamine release (Fig. 3). Stimu- 
rine lation of mast cells with antibodies to 
iich IgE after the receptors were saturated 
mic with monoclonal IgE increased the in- 
rob- corporation of [3H]methyl group into lip- 
ice. ids, 45Ca2 influx, and histamine release 

of in a similar time sequence as that found 
le a after stimulating unsensitized mast cells 

as with F(ab')2 fragments of antibodies to 
em- RBL cells (40). All of these findings dem- 
dity onstrated that bridging of IgE receptors 
and is necessary to initiate phospholipid 

methylation, 45Ca2+ influx, and histamine 
:ells release in mast cells (Fig. 4). 
bio- The observation that phospholipid 
the methylation precedes 45Ca2+ influx and 

SCIENCE, VOL. 209 



histamine release suggested that phos- 
pholipid methylation might be a prereq- 
uisite for Ca2+ influx into mast cells. To 
test this hypothesis, the effect of the 
methyltransferase inhibitor 3-deaza- 
SIBA (34) on the incorporation of [3H]- 
methyl groups into lipid and 45Ca2+ 
influx was examined. Prior incubation of 
the mast cells with 3-deaza-SIBA inhib- 
ited phospholipid methylation by 90 per- 
cent, 45Ca2+ influx by 85 percent, and his- 
tamine release by 78 percent after the 
cells were challenged with antibodies to 
RBL cells (40). By using varying concen- 
trations of the inhibitors all three reac- 
tions were reduced in a dose-dependent 
manner. Similar results were obtained 
with another methyltransferase inhib- 
itor, 3-DZA. It is apparent from these ex- 
periments that phospholipid methylation 
influences Ca2+ influx and the subse- 
quent release of histamine. How phos- 
pholipid methylation affects Ca2+ influx 
in membranes is not yet known. In the 
course of phospholipid methylation, 
membrane viscosity is likely to be re- 
duced and the resultant increase in fluid- 
ity would affect the microenvironment in 
which IgE receptors are located. This, in 
turn, may open calcium ion channels and 
activate the Ca2+ requiring phospholi- 
pase A2 (Fig. 4). 

Phospholipid methylation also affects 
the efflux of Ca2+. The efflux of Ca2+ 
from cells is regulated by Ca2+-depen- 
dent adenosinetriphosphatase (Ca2+- 
ATPase). This enzyme is surrounded by 
an annulus of phospholipids, which is 
necessary for it to function (41). The ef- 
fect of phospholipid methylation on 
Ca2+-ATPase and Ca2+ efflux was exam- 
ined in rat erythrocytes (42). Human 
erythrocyte membranes were first in- 
cubated with SAM and MgCl2, and then 
Ca2+-ATPase activity was determined. 
After the introduction of SAM into 
erythrocyte ghosts, phospholipid meth- 
ylation was increased and so was Ca2+- 
ATPase. The enhancement of Ca2+- 
ATPase with the methyl donor was in- 
hibited by the methyltransferase inhibi- 
tor, SAH. The maximum increase in 
ATPase activity was achieved at a con- 
centration of SAM that stimulated 
methyltransferase I and the synthesis of 
phosphatidyl-N-monomethylethanolamine 
(4). Since methyltransferase I is mainly 
responsible for decreasing membrane 
viscosity (16), these findings suggest that 
changes in fluidity affect Ca2+-ATPase 
activity. Consistent with this interpreta- 
tion is the observation that Ca2+-ATPase 
activity in sacroplasmic reticulum is 
decreased after the reduction of mem- 
brane fluidity (43). The effect of phos- 
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pholipid methylation on Ca2+ transport 
in human erythrocyte ghosts was also 
examined (42). Erythrocyte ghosts con- 
taining SAM increased the efflux of CA2+, 
but the passive exchange of Ca2+ was not 
influenced by methylation. 

Phospholipid Methylation and 

Arachidonic Acid Release 

Histamine is released from basophils 
upon stimulation of the IgE receptor 
complex with an antigen (44). In studies 
of the role of phospholipid methylation 

in histamine release in RBL cells, close 
association between phospholipid meth- 
ylation and arachidonic acid release from 
phospholipids was found (45). The RBL 
cells were first incubated with IgE and 
[3H]methionine; then they were washed 
and stimulated with the IgE-specific anti- 
gen, ovalbumin. Within 1 minute after 
treatment of the sensitized cells with 
ovalbumin, a small increase in the incor- 
poration of [3H]methyl group into phos- 
pholipids was observed (Fig. 5). The in- 
creased methylation peaked in about 4 
minutes, and after 5 minutes there was a 
decline in the [3H]methyl group present 

Fig. 4. Phospholipid 
methylation, Ca2+ in- Chemotaxis 
flux, and phospholipase \ Ca 2+ m 

A2 activation and Outside T ___ChR 
transmission of bio- IgR IgR \ / 
logical signals through PC H ET EA 
membranes. See text PLA H 
for explanations. IgE \ + LYSPC2 ? 
receptor (IgR); phos- PME 
pholipid methyltrans- PMT 
ferase I (PMT ); and I 
phospholipid methyl- +CH3 
transferase II (PMT -CO2 
II); phosphatidylserine PE - PS 
(PS); phosphatidyl- Inside \Histamine release 
ethanolamine (PE); \ 
phosphatidyl-N-mono- 
methylethanolamine 
(PME); phosphatidyl- 
choline (PC); phos-togenes 
pholipase A2 (PLA2); arachidonic acid (AA); prostaglandin (PG); lysophosphatidylcholine 
(LYSPC); 12-L-hydroxy-5,8,10,14-eicosatetraenoic acid (HETE); chemotactic peptide (ChP); 
chemotactic receptor (ChR). 
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Fig. 5. Phospholipid methylation, arachidonic acid, and histamine release in basophilic leukem- 
ic cells (RBL). The cells were first incubated with [3H]methionine or [14C]arachidonic acid and 
ovalbumin-specific IgE. The cells were stimulated with ovalbumin and then the cells and super- 
natant fluid were assayed for [3H]methyl groups incorporated into phospholipids, 
['4C]arachidonic acid and prostaglandins (PG) generated from phosphatidylcholine and hista- 
mine; in paralleled experiments, cells were also treated with the methyltransferase inhibitor, 3- 
deazaadenosine (DZA). [From (45)] 
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Table 1. Phospholipid methylation, arachidonic acid release, and signal transduction in a variety of cell types. 

Cell type Stimulus Phospholipid Arachidonic Biologicaleffect 
methylation acid releaseffect 

Rat reticulocyte 3-Adrenergic agonists + ? Cyclic AMP 
C6 glioma astrocytoma 3-Adrenergic agonists + +* Cyclic AMP 

Benzodiazepine agonists + ? ? 
HeLa cells /-Adrenergic agonists + +* Cyclic AMP 
Mast cells Con A IgE receptor + + Ca2+ influx, histamine release 
Leukemic basophils IgE specific antigens + + Histamine release 
Lymphocytes Con A + + Ca2+ influx, mitogenesis 
Neutrophils Chemotactic peptides - + Chemotaxis 
Fibroblasts Bradykinint + + Cyclic AMP 
Platelets Thrombin, epinephrinet No effect No effect Aggregation 

*After long-term stimulation. tF. Hirata and V. Manganiello (56). IA. Hotchkiss and N. R. Shulman (57). 

in the phospholipids. Incorporation of donic acid and histamine are closely 
[3H]methyl group into lipids in unstimu- coupled (Fig. 4). The activation of the 
lated cells increased at a constant rate. IgE complex by antigen increases the 
Antigen-stimulated histamine release methylation of phospholipids and may 
from RBL began to appear after 5 min- decrease membrane viscosity. When 
utes and reached a maximum at 70 min- phospholipids are successively methyl- 
utes. The release of histamine closely ated, they are translocated in the mem- 
corresponded in time with the decline in brane. This could bring the substrate 
incorporation of [3H]methyl group into phosphatidylcholine in juxtaposition to 
phospholipids. Thus, IgE-mediated his- phospholipase A2, an enzyme that cata- 
tamine release appeared to be linked to lyzes the hydrolysis of phosphatidylcho- 
the further metabolism of methylated line to arachidonic acid and lysophos- 
phospholipids. After antigen stimulation, phatidylcholine (Fig. 4). The metabolism 
[3H]methyl-labeled lysophosphatidyl- of the methylated phospholipid to arachi- 
choline was found indicating that donic acid by phospholipase A2 would 
phosphatidylcholine is cleaved by phos- then be facilitated. Arachidonic acid or 
pholipase A2 to form lysophosphati- its metabolites probably participates in 
dylcholine and a fatty acid. This possi- the release of histamine since inhibition 
bility was examined by measuring the re- of phospholipase A2 by mepacrine 
lease of the fatty acid, arachidonate, by blocks the release of the biogenic amine 
antigens after its incorporation into (45). Phospholipid methylation also facil- 

phospholipids. After RBL cells were itates the entry of Ca2+, a cation neces- 
incubated with [14C]arachidonic acid, sary for phospholipase A2 activity (37), 
the extent of incorporation of the fatty into mast cells (40). Arachidonic acid 
acid into phospholipids was determined, could arise from other phospholipids, 
Phosphatidylcholine contained most of such as phosphatidylinositol. The molec- 
the arachidonic acid (80 percent) incor- ular mechanisms whereby arachidonic 

porated into the phospholipids. Simulat- acid and its metabolites and lysophos- 
ing RBL cells with ovalbumin resulted in phatidylcholine control the exocytotic 
the release of [4C]arachidonic acid from release of histamine remain to be estab- 
phospholipids (Fig. 5) and a metabolite lished. 
tentatively identified as prostaglandin 
D2. The release of arachidonic acid 
closely paralleled the liberation of hista- Phospholipid Methylation, Arachidonic 
mine from cells (45). p Acid, and Lymphocyte Mitogenesis 

The relation between phospholipid 
methylation and the release of histamine From the experiments described 
and arachidonic acid from RBL cells was above it became apparent that phos- 
further established by using the methyl- pholipid methylation affects several re- 
transferase inhibitor 3-DZA (34). After ceptor-associated membrane events. 

antigen stimulation the inhibition of This prompted a study of other cell sys- 
phospholipid methylation and histamine tems involving signal transduction 
release was almost identical at all con- through membranes, such as lymphocyte 
centrations of transferase inhibitors used mitogenesis. An important aspect of 
(45); 3-DZA also blocked the release of lymphocyte mitogenesis concerns the 
[14C]arachidonic acid from previously changes initiated in membrane binding of 
labeled phosphatidylcholine after stimu- lectins and mobility of receptors on cell 
lation with ovalbumin (Fig. 5). These surfaces (46). 
findings indicate that phospholipid Mouse lymphocytes prepared from 

methylation and the release of arachi- spleen were incubated with [3H]me- 
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thionine and then stimulated with Con 
A (6). The addition of the lectin caused 
about a doubling in phospholipid methyl- 
ation. This increase in methylation 
peaked at 10 minutes and then returned 
to control levels in about 40 minutes (6). 
About 48 hours after the Con A treat- 
ment there was an increase in DNA syn- 
thesis as measured by [3H]thymidine in- 
corporation into DNA. By plotting dose 
response curves for Con A we found that 
low concentrations of the lectin stimulat- 
ed and higher concentrations inhibited 
both phospholipid methylation and mi- 
togenesis. The curves for phospholipid 
methylation and mitogenesis in lympho- 
cytes were almost parallel, suggesting an 
association between the two events. Fur- 
ther evidence supporting this was the 
specificities of other lectins. The mito- 
genic lectins from Wistaria floribunda 
and Pisum sativum caused a transient in- 
crease and decrease in phospholipid 
methylation, whereas the nonmitogenic 
lectins from Wistaria floribunda aggluti- 
nin and Bauhinea purpurea had little ef- 
fect (6). 

Concanavalin A stimulated phospho- 
lipid methylation in T lymphocytes, but 
not in B cells (6). Lymphocytes obtained 
from spleens of athymic mice, deficient 
in T cells, did not respond to Con A by 
an increase in phospholipid methylation 
or thymidine incorporation. Destroying 
T cells in normal splenocytes with anti- 
body to 0-receptor and complement 
abolished the stimulation of phospholip- 
id methylation by Con A. When B cells 
in normal spleen cultures were selective- 

ly destroyed with antibody to immuno- 
globulin G and complement, phospholip- 
id methylation was not affected. 

The involvement of phospholipase A2 
in lymphocyte mitogenesis was exam- 
ined by measuring the liberation of 
[14C]arachidonic acid after its incorpora- 
tion into phospholipids. Stimulation of 
lymphocytes with Con A resulted in a re- 
lease of [C4C]arachidonic acid and small 
amounts of its metabolites, prostaglan- 
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dins E2, F2, and B2 (6). Additional evi- 
dence that Con A stimulates phospholi- 
pase A2 was the increased accumulation 
of [3H]lysophosphatidylcholine. Indo- 
methacin, an inhibitor of prostaglandin 
synthesis via the cycloxygenase pathway 
(47), did not affect lymphocyte mitogen- 
esis, suggesting that other metabolites 
of arachidonic acid arising from the li- 
poxygenase pathway might be involved in 
mitogenesis. 

Also useful for examining the relation 
between phospholipid methylation and 
the inhibition of mitogenesis in lympho- 
cytes is the methyltransferase inhibitor 
3-deaza-SIBA (34). A close correlation 
between inhibition of phospholipid 
methylation and thymidine incorporation 
in lymphocytes was shown at concentra- 
tions of the inhibitor that block lipid 
methylation, but not nucleotide methyl- 
ation or the binding of 3H-labeled Con A 
to lymphocytes (6). There was a consid- 
erable decrease in arachidonic acid re- 
lease after inhibition of phospholipid 
methylation indicating that the fatty acid 
release is closely associated with the 
methylation of phospholipids. An influx 
of Ca2+ is a necessary component of the 
lymphocyte mitogenesis process (48), 
and the inhibition of phospholipid 
methylation appears to block lectin-stim- 
ulated influx of this cation. All of these 
findings indicate that phospholipid 
methylation, possibly by changing mem- 
brane fluidity, Ca2+ influx, and phos- 
pholipase A2 activity, is an important 
biochemical event for the subsequent mi- 
togenesis in lymphocytes (Fig. 4). 

Arachidonic Acid Release, Phospholipid 

Methylation, and Chemotaxis 

The interaction of membrane recep- 
tors with chemotactic peptides generates 
a directed movement of rabbit neutro- 
phils (49). Chemotaxis of macrophages is 
blocked by methyltransferase inhibitors 
(50). These findings led to a study of the 
role of phospholipid methylation in 
chemotaxis of rabbit neutrophils (8). 
Neutrophils were incubated with L- 
[methyl-3H]methionine and then stimu- 
lated with the potent' chemoattractant 
peptide, fMet-Leu-Phe (fMet, formyl 
methionine; Leu, leucine; Ala, alanine). 
Within minutes there was an apparent 
decrease in incorporation of [3H]methyl 
group into phospholipids (8). Similar re- 
sults were obtained in guinea pig macro- 
phages (51). This decreased methylation 
was observed with other chemoat- 
tractant peptides but not with antago- 
nists (8). The decreased incorporation of 
[3H]methyl group in lipids could be at- 
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tributed to inhibition of methylation or to 
a greater rate of degradation of the 
methylated lipid. When the [3H]me- 
thionine was removed with excessive 
amounts of unlabeled methionine, the 
methylated phospholipids disappeared 
more rapidly after stimulation of neutro- 
phils with chemoattractants (8). This sug- 
gested that the peptides increase the 
degradation of the methylated phospho- 
lipid. 

Phosphatidylcholine, the major 
methylated phospholipid, is synthesized 
either by the transmethylation (3) or the 
cytidine diphosphate (CDP)-choline 
pathways (52). To establish whether the 
phosphatidylcholine synthesized by the 
CDP-choline pathway is also affected by 
chemoattractants, we used [14H]choline 
incorporated into the phospholipid of 
rabbit neutrophils. Despite the fact that 
much larger amounts of phosphati- 
dylcholine were synthesized from 
[14C]choline than [3H]methionine, the 
phospholipids containing [14C]choline did 
not respond to the chemoattractant pep- 
tide (8). This indicated that although the 
phospholipid formed by the trans- 
methylation represents a small pool, it is 
much more metabolically active. 

The peptide-stimulated degradation of 
methylated phospholipid could be a con- 
sequence of the activation of phospholi- 
pase A2. [14C]Arachidonic acid was 
therefore incorporated into phosphati- 
dylcholine and rabbit neutrophils stimu- 
lated with fMet-Leu-Phe. There was a 
sharp release of [14C]arachidonic acid 
and an accumulation of lysophosphati- 
dylcholine (8). When-a variety of chemo- 
attractant peptides was tested, the order 
of their potency in stimulating the re- 
lease of ['4C]arachidonic acid was paral- 
leled by their capacity to promote 
chemotaxis. To further establish the re- 
lation between chemotaxis and the acti- 
vation of phospholipase A2 in neutro- 
phils, we use inhibitors of the enzyme. 
The antimalarial drug mepacrine, a phos- 
pholipase A2 inhibitor (53), blocked the 
release of arachidonic acid and chemo- 
taxis in neutrophils in a dose-dependent 
manner (8). Another phospholipase A2 
inhibitor, 21-phosphohydrocortisone, al- 
so inhibited the release of the fatty acid 
and reduced chemotaxis (8). Inhibition 
of phospholipid methylation reduced the 
release of arachidonic acid and blocked 
chemotaxis. These findings indicate that 
phospholipid methylation and phospholi- 
pase A2 activation are necessary com- 
ponents for neutrophil chemotaxis, as in 
the case of histamine release from mast 
cells (7) and basophils (45), and lympho- 
cyte mitogenesis (6). Phospholipid 
methylation appears to be closely 

coupled to arachidonate release in neu- 
trophil chemotaxis. Hardly any of the 
prostaglandin metabolites were gener- 
ated after stimulation by a chemotactic 
peptide, which suggests that other me- 
tabolites of arachidonic acid arising from 
the lipoxygenase pathway may play a 
role in chemotaxis (Fig. 4). 

In view of the importance of phos- 
pholipase A2 in many membrane-associ- 
ated events, we initiated a study of its 
regulation. An endogenous inhibitor of 
phospholipase A2 in rabbit neutrophils 
was identified. This inhibitor is a protein 
of a molecular weight of about 40,000 
and its synthesis is stimulated by gluco- 
corticoids (54). 

Conclusions 

The asymmetric distribution of phos- 
pholipid methylating enzymes in mem- 
branes provides an important mecha- 
nism for the transmission of biochemical 
signals in cells. The topology of these en- 
zymes makes possible the translocation 
of phospholipids from the cytoplasmic 
side to the outer surface of membranes 
by successive methylation. During the 
transit of phospholipids the viscosity of 
the membrane is reduced and this affects 
many membrane events. Catecholamine 
neurotransmitters, peptides, and immu- 
noglobulins interacting with cell surface 
receptors initiate a cascade of biochemi- 
cal and physical changes in local do- 
mains of the membrane. This leads to in- 
creased mobility of receptors, elevated 
phospholipid methylation, the genera- 
tion of cyclic AMP, histamine release, 
mitogenesis, and chemotaxis. Not all re- 
ceptor mediated events involve phos- 
pholipid methylation. Stimulation of 
platelets with thrombin, prostaglandins, 
or epinephrine had no effect on phos- 
pholipid methylation. Each type of re- 
ceptor appears to have its own com- 
plement of phospholipid methylating en- 
zymes to form a "signal cluster" (Fig. 
4). Binding of a specific ligand with its 
receptor stimulates phospholipid methyl- 
ation in a local area in the membrane 
changing the microenvironment in such a 
way as to facilitate the lateral mobility of 
the receptor complex (Fig. 2). 

In several cell types examined, inhibi- 
tion of phospholipid methylation blocks 
Ca2+ influx, the release of arachidonic 
acid, and the formation of lysophosphati- 
dylcholine. Phospholipid methylation is 
closely coupled to phospholipase A2, a 
Ca2+ requiring enzyme. This enzyme is a 
branch point for the formation of arachi- 
donic acid and lysophosphatidylcholine 
(Fig. 4). Arachidonic acid serves as a 
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precursor for cycloxygenase and lipoxy- 
genase enzymes (55). Cycloxygenase 
generates prostaglandins and lipoxygen- 
ase synthesizes hydroxy and hydroperoxy 
lipids. Inhibition of phospholipid methyl- 
ation blocks the synthesis of these bio- 
logically important metabolites. Table 1 
summarizes the activation of phospho- 
lipid methylation and arachidonic acid 
release in various cell types and the sig- 
nals generated. These findings point to 
phospholipid methylation as an initial 
common pathway for the transduction 
of many receptor mediated biological sig- 
nals through membranes. 
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