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Sumnary: A series of diacylglycerols were synthesized with varying lengths and 
substituents in order to establish the structure-activity relationship between 
each with activation of protein kinase C and stimulation of a biological 
response system (pituitary luteinizing hormone release). This approach enables 
distinction between actions mediated by direct activation of protein kinase C 
and those due to other, presumably nonspecific, actions. The ability of 
diacylglycerols to function as regulators of a biological response system 
(pituitary luteinizing hormone release) and of protein kinase C was investigated 
with a series of sn-1,2 diacylglycerols containing fatty acids 4-10 carbons in 
length and with analogs in which the 3' hydroxyl was replaced with a chloro, 
hydrogen, or sulfhydryl moiety. Several diacylglycerols stimulated LH release 
in a saturable, time and dose dependent manner that was independent of extra- 
cellular calcium. Dioctanoylglycerol (diC8) was the most effective of the 
diacylglycerols tested; 3' analogs lacking the hydroxyl were inactive. The 
diacylglycerols activated protein kinase C in vitro whereas the 3' analogs did 
not. These data implicate protein kinase Cinthemechanism of LH release, 
demonstrate that unsaturated fatty acyl moieties within the diacylglycerol are 
not required for protein kinase C activation, and establish diacylglycerol- 
protein kinase C structure-function relationships that should prove useful for 
investigations in other systems. 0 1985 Academic Press, Inc. 

Investigation of the mechanism by which gonadotropin releasing hormone 

(GnRH) occupancy of its receptor stimulates pituitary luteinizing hormone (LH) 

release has largely focused on the mobilization of extracellular Ca2+ and on the 

intracellular events for which Ca 2+ fulfills the requirements of a second 

messenger (1). Phorbol esters, which bind and activate protein kinase C, also 

stimulate LH secretion (2,3) by a mechanism independent of extracellular Ca2+. 

Abbreviations used are: GnRH, gonadotropin releasing hormone; diC4, SLL 1,2-dibutyryl- 
glycerol; diC6, sn 1,2-dihexanoylglycerol; diCB, x-1,2-dioctanoylglycerol; diClD, 
s_? 1,2-didecanoyl glycerol; diClB:b sn 1,2-dioleoylglycerol; OAG, sn 1-oleoyl-2- 
acetylglycerol; LPC, 1-oleoylglycerolphosphorylcholine; PC, phosphatidylcholine; PS, 
phosphatidylserine; LH, luteinizing hormone; 199/BSA, Medium 199 containing 0.3% 
bovine serum albumin; BSA, bovine serum albumin 
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Diacylglycerol has been implicated as the endogenous regulator of protein kinase 

C since it binds to the same site as the phorbol esters (4,5), activates the 

enzyme (4,6), and appears to arise from turnover of polyphosphoinositides in 

response to stimulation (71. Although the structural requirements for protein 

kinase C activation were not reported, Nishizuka and co-workers concluded on the 

basis of available in vitro studies that an unsaturated fatty acyl moiety within the -- 

diacylglycerol was required (81. Diacylglycerols containing long chain fatty 

acids were not active biologically when added to cells, however 

1-oleoyl-2-acetylglycerol (OAG) activated protein kinase C in vitro (9) and -- 

caused secretion from platelets (9) as well as.secretion and 02- production by 

neutrophils (10). When these studies were begun, OAG was the only diacylgly- 

cerol analog known to elicit biological responses when added to cells. 

The objectives of the present study were to assess whether diacylglycerols 

would function as regulators of LH release, to establish whether an unsaturated 

fatty acyl moiety within the diacylglycerol is required for protein kinase C 

activation, and to probe the diacylglycerol-protein kinase C and diacylglycerol 

LH release structure function relationships with diacylglycerols and their ana- 

logs. These studies were undertaken to directly test the hypothesis that 

diacylglycerols function as intracellular regulators. 

METHODS: Pituitary cell cultures were prepared from pituitaries of female 
mgs (Harlan Sprague-Dawley, Indianapolis, IN) in Medium 199 containing 
0.3% BSA. After two days in culture, the cells were washed and the medium was 
replaced with fresh 199/BSA containing lipid at the indicated concentration. 
After 3 hours the medium was removed and LH determined by RIA (11). Values are 
expressed in terms of NIH standard RPl and adjusted for the numbers of cells by 
DNA determination (12). Lipids were synthesized as follows: sn 1,2 
diacylglycerols: PC (100 pmol) of the appropriate acyl chain lengthvanti 
Polar Lipids) was digested with phospholipase C (Sigma, Bacillus cereus 50 
units) for 2 hours in a two phase ether/water system described (1-e ether 
was evaporated under a stream of nitrogen and lipids were extracted with 
chloroform-methanol (14), redissolved in chloroform and loaded on a small column 
(1 ml bed) of silica gel in chloroform. The column was washed with 2 ml chloro- 
form then twice with chloroform:methanol, 4:l. The eluates were pooled and 
dried under nitrogen, and the purified diacylglycerols were dissolved in chloro- 
form and stored at -20" C. sn-1-oleoyl-2-acetylglycerol: Dioleoylphosphatidyl- 
choline was digested with phospholipase A2 from Crotalus adamanteus venom, 
(Miami Serpentarium Laboratories) essentially as described by Kates (15). The 
oleic.acid and sn-1-oleoylglycerophosphorylcholine were separated on silica gel. 
The 1ysophosphaEdylcholine was dissolved in 2 ml chloroform to.which 0.25 ml 
each of acetic anhydride and pyridine were added. This mixture was incubated at 
room temperature in the dark overnight. Methanol (1 ml) was added to consume 
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excess acetic anhydride. After 3 hours, solvents were largely removed under 
nitrogen, and excess acetic acid and pyridine removed by chloroform-methanol 
extraction and washing of the chloroform phase successively with neutral and 
acidic upper phase. sn-1-oleoyl-2-acetylglycerol was prepared by digesting the 
sn-1-oleoyl-2-acetyl'$iycerophosphorylcholine with phospholipase C as described 

z;eadd;;o;y;j c$l;;,"Tiia;d ;&fhyd;yl- ana!ogs of diC8: To 1 ml heptane 
pmo octanolc anhyds(l61, and 150 pmol 

of either 1,2 propanediol, ?i-chloro-1,2-propandiol (both from Sigma), or 
1-thiomethyl-1-thioglycerol (17). After 20 hours at room temperature the 
solvents were evaporated and pyridine removed by acidic chloroform-methanol 
extraction. The lipids were dissolved in heptane and fatty acid was extracted 
with 50 mM NaOH in 50% ethanol. The resulting heptane phase containing the 
diacyl derivative and traces of monoacyl and other products, was chromatographed 
on 0.8 x 5 cm column of silica gel in heptane then eluted with 
chloroform:heptane, 2:3. The first material to elute was the pure diacyl deri- 
vative, which was dissolved in chloroform and stored at -20°C. The thiomethyl 
protecting group was removed from the sulfhydryl analog by reduction with a 
four-fold excess of dithiothreitol in methanol at 75' C for 24 hours. The 
methanol was evaporated, and the lipid was separated from dithiothreitol by par- 
titioning between water and heptane. The heptane phase, containing the 
lipid, was chromatographed as described above. The criterion for purity of 
diacylglycerol and its analogs was migration as a single spot on Silica Gel 60 
thin layer chromatography plates (Merck) developed in heptane:diethyl 
ether:acetic acid (25:75:1, v:v:v) and detected by sprayinq with 33% sulfuric 
acid and charring at 180' C. Protein kinase C was-measured-in the presence of 
the indicated concentration ofoofiKdicated lipids as previously 
described (4). Briefly, 2I-(g of purified extract from rat br 
in 250 ~1 20 mM Tris-HCl, pH 7.5 containing 2 PM Ca2+, 10 HIM 8 

in was incubated 
2P-ATP 

(gammaJ(420,OOO cpm), 10 mM magnesium acetate, 200 bg histone 111s (Sigma), 20 
pg/ml PS for 10 min at 24" C. The reaction was stopped by addition of 1 ml 25% 
trichloroacetic acid and 1 ml (500 ug) BSA, then filtered through a Millipore 
filter (type HA) which was washed with 5 ml of 25% TCA, dried, and counted in 10 
ml of a water accepting scintillation fluid. Ca2+ independent kinase activity 
wa measured in the presence of 1 mM EGTA and was less than 10% of the 
Ca $+-depende nt activity. 

RESULTS AND DISCUSSION: We selected for study a number of the diacylglycerols 

containing short chain saturated fatty acids since those with long chains pre- 

sent problems of solubility and delivery to living cells. Several of the former 

group stimulated LH release in a saturable, time and dose dependent manner 

(Figure 1). For all these diacylglycerols, extracellular Ca2+ was not required 

for release of LH. sn-1,2-dioctanoylglycerol (diC8) was the most effective of - 

the diacylglycerols tested. sn 1,2-dihexylglycerol (diC6) was less efficacious - 

and had a lower potency than diC8 (Figure 1). UiC6 and diC8 were more potent 

than OAG, which has been used (181 to activate protein kinase C in cells (7). 

sn 1,2-didecanoyl glycerol (diCI0) consistently stimulated the release of small - 

amounts of LH whereas sn 1,2-dibutyrylglycerol (diC4) and sn 1,2-dioleoyl- - - 

glycerol (diC18:I) were essentially inactive over the COrKentratiOn range 

tested. Clearly a number of diacylglycerols containing saturated short chain 
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DIACYLGLYCEROL (PM) 

Fig. 1: Effect of diacylglycerol on LH release from pituitary cultures. Cultures 

from pituitaries of female weanlings were incubated with the indicated lipid as 

described in Methods and LH released during 3 hours determined by RIA. 

fatty acids were active. Recently, diCI0 was reported to promote phosphoryla- 

tion of a 40,000 dalton protein in human platelets (19). The decreased activity 

with diCl0 and the total absence of activity with diCl8,l probably reflects phy- 

sical properties which prevent effective delivery. 

The amount of LH released by a saturating dose of diC8 (200 /IM) was 77% of 

the amount released in response to a maximally stimulating dose of GnRH (1 PM). 

During a 3h incubation period 40-50% of the total cellular LH (assessed 

following detergent solubilization) was released by GnRH (20). The 

remaining LH was not released upon further incubation (20). This characteristic 

time course of LH release in response to GnRH was also observed in response to 

diC8. The characteristic time course for LH release, the continued ability of 

cells to exclude trypan blue, retain normal morphology as viewed under phase and 

Nomarski optics, and lack of release of malate dehydrogenase activity, allowed 

us to exclude cell lysis in response to the diacylglycerols. 

Since the pituitary cells are cultured in medium containing 3 mg/ml BSA 

and since fatty alcohols are known to bind to BSA, we investigated the possibi- 

lity that albumin would modulate the release of LH in response to diC8. Neither 

the absence of albumin nor its lo-fold elevation prevented diC8 dependent LH 

release. In contrast, when lysophosphatidylcholine, an amphipath with well- 
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known detergent properties, was tested for its ability to promote LH release, 

100-200 uM caused total release of LH at 0 and 1 mg/ml BSA. However, at 30 

mg/ml BSA, LH release was totally suppressed. Thus the stimulation of LH 

release by diC8 is distinct from that caused by detergent action. 

Further structure-function analysis of diacylglycerol dependent release of 

LH focused on the 3' hydroxyl group. We prepared diC8 analogs in which the 

hydroxyl group was replaced by hydrogen, chloro, of sulfhydryl moieties. None 

of these -analogs stimulated LH release alone or antagonized release in 

response to diCB up to 300 PM. Accordingly, the hydroxyl group is essential in 

promoting LH release. Other related compounds tested at concentrations up to 

300 uM that were ineffective in releasing LH were: sodium dodecyl sulfate, n- 

decanol, Zwittergent 3-10, octylglucoside, and oleic, palmitic, and arachidonic 

acids. 

We next examined the ability of these diacylglycerols and analogs to acti- 

vate protein kinase C in vitro. -- Owing to the sensitivity of the assay, the 

pooled pituitaries of over 1,000 rats produced only enough protein to clearly 

demonstrate the presence of protein kinase C. Since larger amounts of tissue 

were required to determine the diacylglycerol structure-function relationships, 

protein kinase C purified (4) from rat brain was us.ed. At 2pM Ca2+ and 20 

pg/ml phosphatidylserine (PSI, diCB activated protein kinase C (Figure 2). OAG 

and diCl0 were similar to diC8 whereas diC6 was about lo-fold less potent. 

DiC4 caused activation of protein kinase C at concentrations exceeding 100 uM 

where the molar ratio of diC4 to PS was greater than 3:l. Clearly, diacylgly- 

cerols containing saturated fatty acids acids activate protein kinase C. The 

earlier conclusion (8) that an unsaturated fatty acyl moiety with the diacylgly- 

cerol was required for activation may have reflected the influence of unsatura- 

tion on the physical properties of the lipid. The chloro, sulfhydryl, and deoxy 

analogs of diC8 were inactive. 

BiC18:1 was indistinguishable from diC8 and OAG in its ability to activate 

protein kinase C in vitro (Figure 21, when it was sonically dispersed with PS. -- 

536 



Vol. 126, No. 1, 1985 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

[DIACYLGLYCER~L], h4 

Fig. 2: Lipid stimulation of protein kinase C in vitro. Protein kinase was measured 

in the presence of the indicated concentration of each of the indicated 

lipids as described in Methods. 

However diClG:l was totally ineffective in promoting LH release (Figure 1). The 

physical delivery of diacylglycerols to the cells for protein kinase C activa- 

tion and, thereby, promotion of LH release, underlies the dependence on fatty 

acid chain length observed (Figure 1). The fatty acid chain length must be 

short enough to permit sufficient solubility for delivery, yet long enough to 

partition into the bilayer to cause activation of protein kinase C. The par- 

titioning requirement would account for the failure of diC4 to function as well 

diCG. At the level of diClG solubility would be decreasing rapidly 

ivery becomes a problem; with diClG:l , the delivery problem is so 

no activity is observed. In Vitro diCG, diClG, and diClG:l acti- -- 

as diCG and 

so that de1 

severe that 

vated prote in kinase C identica 

SOniCatiOn with PS. Hence diCG 

consistent with efficient cellu 

kinase C. 

ly when the diacylglycerol were delivered by co- 

appears to possess physical properties 

ar delivery and effective activation of protein 

The polyphosphoinositides appear to play a role in a number of diverse 

biological systems since stimulation of these systems, including GnRH-stimulated 
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LH release, results in metabolism of polyphosphoinositides and the formation of 

inositol triphosphates and diacylglycerols (for review, 7). The observations in 

the present work that diacylglycerols containing short chain saturated fatty 

acids can both stimulate LH release from pituitary cells and activate protein 

kinase C whereas the analogs lacking the 3' hydroxyl group were inactive argues 

that protein kinase C plays a role in regulation of LH release. Because it 

appears that extracellular Ca*+ is mobilized in response to GnRH receptor occu- 

pancy by an agonist (211, diacylglycerols may exert their action by lowering the 

Km of protein kinase C for Ca2+ as has been reported to occur in vitro (8,221. -- 

Diacylglycerols containing short chain fatty acids such as diC8 should 

prove useful for other studies involving protein kinase C, since they are easy 

to prepare, activate the enzyme in vitro, and can be effectively delivered to 

intact cells. In consideration of the fact that phorbol esters are tumor promo- 

ters and diacylglycerols containing short chain fatty acid mimic the effects of 

phorbol-esters on pituitary cells and on protein kinase C, these diacylglycerols 

should be handled with precautions pending complete understanding of their 

biological actions. 

ACKNOWLEDGMENTS: 

This work was partially supported by NIH HD13220 and The Mellon Foundation 
(PMC), NIH CA35680 and The Chicago Community Trust/Searle Scholars Program 
(JEN), and NIH AM20205 (RMB). 

REFERENCES: 

1. 

2. 
3. 
4. 

5. 

6. 

2 

9. 

10. 

11. 

Conn, P.M. 1984) in Biochemical Actions of the Hormones, volume ii (Litwak, 
J., editor) ppg. 67-92 AcademicmNewYork. 

- 

Smith, M.A. and Vale, W. (1981) Endocrinol. 108, 752-759. 
Smith, W.A. and Conn, P.M. (1984) Endocrinol. 114, 553-559. 
Neidel, J.E., Kuhn, L.J., and Vandenbark, G.R. (1983) Proc. Natl. Acad. 
Sci. U.S.A. 80, 36-40. 
Sharkey, N.A., Leach, K.L., and Blumberg, P.M. (1984) Proc. Natl. Acad. 
Sci. U.S.A. 81, 607-610. 
Castagna, M., (1982) J. Biol. Chem. 257, 7847-7851. 
Nishizuka, Y. 119841 Nature 308, 693-698. 
Mori, T., Takai, B., Yu, J., Takahashi, J., Nishizuka, Y., and Fujikura, 
T.J. (1981) Biochemistry 91, 427-433. 
Kaibuchi, K., Takai, Y., Sawamura, M., Hoshjima, T., Fujikura, T.J. and 
Nishizuka, Y. (1983) J. Biol. Chem. 258, 6701-6710. 
Kajikawa, N., Kaibuchi, K., Matsubara, T., Kikka, U., Takai, Y., and 
Nishizuka, Y. (1983) Biochem. Biophys. Research Communic. 116, 743-748. 
Marian, J. and Conn, P.M. (1979) Molecular Pharmacology 16, 196-201. 

538 



Vol. 126, No. 1, 1965 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

12. Burton, K. (1956) Biochem. J. 62, 315-323. 
13. Mavis, R.D., Bell, R.M., and Vagelos, P.R. (1972) 3. Biol. Chem. 247, 2835-2841. 
14. Bligh, E.G. and Dyer, W.J. (1959) Can. 3. Biochem. Physiol. 37, 911-917. 
15. Kates, M. Techniques of Li idolo 

-Y 
(1972) p.568-578 North Holland 

Publishing Company, Amster am, The Netherlands. 
16. Selinger, Z. and Lapidot, Y. (1966) J. Lipid Res. 7, 174-175. 
17. Ganong, B.R. and Bell, R.M. (1984) Biochemistry, 23, 4977-4983. 
18. Kaibuchi, K. (1982) J. Biol. Chem. 257, 7847-7851. 
19. Watson, S.P., Ganong, B.R., Bell, R.M., and Lapetina, E.G. (1984) Biochem. 

Biophys. Research Conununic. 121, 386-391. 
20. Conn, P.M., Rogers, D.C. and Sandhu, F.S. (1979) Endocrinol. 105, 1122-1127. 
21. Bates, M.D. and Conn, P.M. (1984) Endocrinol., 115, 1380-1385. 
22. Kishimoto, A., Takai, Y., Mori, T., Kikkawa, U. and Nishizuka, Y. (1980) J. 

Biol. Chem. 255, 2273-2276. 

539 


