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ABSTRACT The 41-residue synthetic ovine corticotropin-re-
leasing factor (CRF; corticoliberin) has been shown to stimulate
release of corticotropin (adrenocorticotropic hormone; ACTH)
and -3-endorphin from AtT-20/D16-16 mouse pituitary tumor
cells. Phospholipid methylation of phosphatidylethanolamine to
phosphatidylcholine with S-adenosylmethionine as methyl donor
has been suggested as a possible membrane transduction mech-
anism for some receptor-induced events. CRF increased phos-
pholipid methylation in pituitary tumor cells at concentrations that
also stimulated immunoreactive ACTH secretion, and both pro-
cesses increased linearly and in parallel with time. The methionine
sulfoxide derivative ofCRF was less potent than CRF was in stim-
ulating both phospholipid methylation and hormone secretion,
and the COOH terminal free acid analogue ofCRF had no effect
on either process. CRF-induced increases in phospholipid meth-
ylation andACTH secretion were reduced when cells were treated
with the phospholipid methyltransferase inhibitors 3-deazaaden-
osine and L-homocysteine thiolactone. These CRF-stimulated ef-
fects were also blocked by the glucocorticoid dexamethasone. It
is suggested that phospholipid methylation may be a CRF recep-
tor-mediated event associated with ACTH release in pituitary tu-
mor cells.

A hypothalamic peptide termed corticotropin-releasing factor
(CRF; corticoliberin), which stimulates the in vivo and in vitro
secretion of corticotropin (adrenocorticotropic hormone; ACTH)
and ,B-endorphin from the anterior pituitary, has been isolated,
sequenced, and characterized (1-3). This 41-residue peptide is
believed to be the physiological hypothalamic factor involved
in the regulation ofACTH and (3-endorphin secretion from cor-
ticotrophs. It also has been shown to stimulate secretion ofthese
hormones from mouse pituitary tumor cells (4), which have
been used to study the synthesis and secretion of ACTH/,3-
endorphin-related peptides (5-9).

Phospholipid methylation of phosphatidylethanolamine
(PtdEtn) to phosphatidylcholine (PtdCho) with S-adenosylme-
thionine (AdoMet) as methyl donor has been shown in several
cellular systems to be involved as a possible membrane trans-
duction mechanism for receptor-induced events (10-14). In this
study, phospholipid methylation has been examined in the
CRF-stimulated process of ACTH release in mouse pituitary
tumor cells.

METHODS AND MATERIALS
Cell Culture. A subelone of AtT-20/D16v cells designated

AtT-20/D16-16, provided by S. Sabol (Laboratory of Biochem-
ical Genetics, National Institutes of Health), was used in this
study. Cells were cultured in 90% Dulbecco's modified Eagle's

medium/10% fetal calf serum in humidified 90% air/10% CO2
at 37C as described (9).

Cell; Incubation Procedures. Cells were plated in 35-mm-
diameter culture wells (six wells per plate; Costar) at a density
of 1.5 x 10' cells per dish and grown to 60-80% confluency
(=106 cells per dish at 6-7 days after plating). Immediately prior
to phospholipid methylation and ACTH secretion studies, the
culture medium was removed and the cells were incubated at
37°C for 30 min in 1 ml of medium B [L-methionine-free basal
Eagle's medium with Hanks' salts containing glucose (4.5 mg/
ml), fetal calf serum (2%), and bacitracin (3 ,ug/ml)] per well.
The cells were then incubated for an additional 30 min with
medium B containing 50-100 A.Ci (1 Ci = 3.7 X 101' becque-
rels) of L-[nmthyl-3H]methionine per ml. The test incubation
period was started by adding the test agent to each well, and
the cells were incubated for an additional 15-90 min. In some
experiments, 3-deazaadenosine and L-homocysteine thiolac-
tone were added 30 min prior to addition of CRF. Stock solu-
tions of 0.01 M dexamethasone were in 95% ethanol; the final
ethanol concentration had no effect on secretion. Incubation
was stopped by removing the medium and centrifuging it at
10,000 x g (Beckman Microfuge) for 1 min to remove cellular
debris. The resultant supernatant was stored at -20°C for sub-
sequent ACTH radioimmunoassay. The-cells in each well were
gently washed three times with 1 ml of basal Eagle's medium
with Hanks' salts and lysed with the addition of 1 ml of ice-cold
25 mM Hepes buffer (pH 6.5) containing 0.1 mM S-adenosyl-
L-homocysteine. The suspension was frozen and thawed twice
in methanol/dry ice, and 0.4-mltaliquots were removed for the
measurements of protein and [3H]methyl incorporation into
phospholipids. All experiments were conducted in triplicate
wells. Protein was measured with bovine serum albumin as the
standard (15).

Phospholipid Methylation. Ice-cold 15% trichloroacetic acid
was added to each aliquot ofHepes buffer containing the broken
cell suspensions. The mixture was kept on an ice bath for -- 15
min and centrifuged at 20,000 X g for 20 min. The resultant
pellets were extracted with 3-ml of chloroform/methanol, 2: 1
(vol: vol), and 2 ml of 0.1 M KCI in 50% methanol as described
(16). Results are expressed as cpm of [3Hlmethyl incorporation
into chloroform/methanol.

In order to identify the methylated phospholipids, an aliquot
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of the chloroform/methanol phase was dried under a stream of
nitrogen gas, and the residue was dissolved in 25 1l of chlo-
roform/methanol, 2: 1. The samples were applied to silica gel
G TLC plates, and chromatograms were developed in chloro-
form/propionic acid/n-propyl alcohol/water, 30:20:60: 10
(vol/vol). Radioactivity in 1-cm sections of each lane was as-
sayed in a Beckman scintillation counter. Phospholipid stan-
dards were chromatographed, and the spots were visualized by
exposure to iodine vapor.
ACTH Radioimmunoassay. The rabbit anti-porcine ACTH

antiserum recognizes human ACTH-(1-39) and ACTH-(1-24)
with equal affinity, and does not recognize a-melanotropin or
,/3endorphin. Assays were conducted as described (4) with hu-
man ACTH-(1-39) as standard.

Materials. Synthetic ovine CRF, the methionine sulfoxide
derivative of CRF [Met(O)21-CRF], and thyrotropin-releasing
hormone were from Peninsula Laboratories (San Carlos, CA).
The COOH-terminal free acid derivative ofCRF (CRF-OH) was
a generous gift from W. Vale (Salk Institute, La Jolla, CA). Bac-
itracin, dexamethasone, and L-homocysteine thiolactone were
from Sigma. 3-Deazaadenosine was obtained from Southern
Research Institute (Birmingham, AL). Media were from GIBCO.
Fetal calfserum was from North American Biologicals (Miami,
FL). Human ACTH standard and rabbit anti-porcine ACTH
antiserum were provided by the National Pituitary Agency
(Baltimore, MD). Goat anti-rabbit immunoglobulin was from
Cappel Laboratories (Cochranville, PA). '25I-Labeled ACTH
(1 ,ACi/10-20 pg) was from Immunonuclear Corporation (Still-
water, MN), and L-[methyl-3H]methionine (15 Ci/mmol) was
from New England Nuclear. Silica gel G TLC plates were from
Analtech (Newark, DE).

RESULTS
CRF Stimulates Phospholipid Methylation and ACTH Re-

lease. CRF stimulated both phospholipid methylation and re-
lease ofACTH immunoreactivity in a time-dependent manner
(Fig. 1). Phospholipid methylation in CRF-stimulated and con-
trol cells increased linearly from 15 to 60 min and reached a
plateau by 90 min of incubation. Basal and CRF-stimulated
ACTH release was linear up to 90 min ofincubation, the longest
incubation period tested.
CRF stimulated both phospholipid methylation and ACTH

release in a concentration-dependent manner (Fig. 2). Increases
in ACTH release and phospholipid methylation were detected
at nM CRF, and both processes appeared to be maximally stim-
ulated by 10-100 nM CRF (half maximally effective concentra-
tion, 1.5-2 nM CRF). ACTH release was increased 4-fold over
control values, and phospholipid methylation was-increased by
45% over that of controls (10 nM CRF). From experiment to
experiment, CRF consistently stimulated phospholipid meth-
ylation by 26-50%.

Met(O)21-CRF was less potent than CRF in stimulating phos-
pholipid methylation and ACTH release (Fig. 3). A concentra-
tion of 100 nM Met(O)21-CRF was required to elicit a 12% in-
crease in phospholipid methylation and a 5-fold stimulation of
ACTH release, whereas a concentration of 10 nM CRF was re-
quired to maximally stimulate phospholipid methylation and
ACTH release. CRF-OH had no effect on either ACTH-re-
leasing activity or on phospholipid methylation (data not
shown). Thyrotropin-releasing hormone, a peptide structurally
unrelated to CRF, had no effect on either process at 100 nM
(data not shown).
To identify the [3H]methylated phospholipids after incubat-

ing the cells with L-[methyl-3H]methionine and extracting them
with chloroform/methanol, the samples were subjected to TLC
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FIG. 1. Time course of phospholipid methylation (A) and ACTH
release (B). Cells were incubated with (o) or without (0) CRF (10 nM)
for 15 to 90 min. Phospholipid methylation and the amount of ACTH
immunoreactivity were measured in the same sample. Each well con-
tamned 1 ml of medium.

on silica gel G (Fig. 4). Peaks of [3H]methyl radioactivity cor-
responding to PtdCho and phosphatidyldimethylethanolamine
(PtdEtnMe2) were found. CRF stimulated the incorporation of
[3H]methyl groups into PtdEtnMe2 and PtdCho by 90% and
44%, respectively, over nonstimulated controls. No peaks of
radioactive phosphatidylmonomethylamine (PtdEtn.Me) or ly-
sophosphatidylcholine (IysoPtdCho) were seen. CRF also stim-
ulated the incorporation of radioactivity into unidentified peaks
with Rf values 0 and 1.0, which correspond to the origin and
front of the chromatogram, respectively.

Effects of Inhibitors. The methyltransferase enzymes re-
sponsible for the conversion of PtdEtn to PtdCho can be inhib-
ited by treating the cells with 3-deazaadenosine and L-homo-
cysteine thiolactone. When incubated with these reagants, cells
accumulate S-adenosylhomocysteine and 3-deazaadenosylho-
mocysteine, which are competitive inhibitors of AdoMet-de-
pendent methyltransferases (17, 18). Preincubation with 100
,utM 3-deazaadenosine and 100 ,uM L-homocysteine thiolactone
resulted in the inhibition ofthe CRF-induced increases in phos-
pholipid methylation and ACTH release (Fig. 5); the two in-
hibitors reduced the CRF (10 nM) stimulation of phospholipid
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FIG. 2. Effect of various concentrations of CRF on phospholipid
methylation (A) andACTH release (B). Cells were incubated with CRF
for 90 min. Phospholipid methylation and the amount of ACTH im-
munoreactivity were measured in the same sample.

methylation about 75% and reduced CRF-stimulated ACTH
release by -50%. Basal levels of phospholipid methylation and
ACTH release were not affected by the preincubation procedure.

Effect of-Dexamethasone. The effect of the potent gluco-
corticoid dexamethasone on the CRF-elicited increases in phos-
pholipid methylation and ACTH release was examined (Fig. 6).
Preincubationwith dexamethasone'for 20 hr markedly reduced
CRF-stimulation of phospholipid methylation and ACTH re-

lease in a dose-dependent manner. Partial inhibition of both
processes occurred with 1 nM dexamethasone, the lowest con-

centration tested, and they were almost completely inhibited
with 100 nM dexamethasone. Basal levels of phospholipid
methylation and ACTH release were also reduced by dexa-
methasone in a dose-dependent manner.

DISCUSSION
Phospholipid methylation of PtdEtn to PtdCho with AdoMet
as methyl donor has been implicated as a possible membrane
transduction mechanism for receptor-induced events such as

induction oflymphocyte mitogenesis by the lectin concanavalin
A (10), IgE-mediated histamine release from rat basophilic leu-
kemia cells (13), stimulation of chemotaxis by the chemotactic
peptide fMet-Leu-Phe in rabbit neutrophils (14), and nerve

growth factor-stimulated neurite outgrowth in ganglia (19). Evi-
dence presented here suggests that phospholipid methylation

I
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FIG. 3. Effect of Met(O)21-CRF on phospholipid methylation (A)
and ACTH release (B). Cells were incubated with or without various
concentrations of Met(O)21-CRF for 90 min. Phospholipid methylation
and ACTH immunoreactivity released were measured in the same
sample.

may be associated with CRF stimulation ofACTH secretion in
mouse pituitary tumor cells under a variety of experimental
conditions.

Stimulation of phospholipid methylation and ACTH release
by CRF was concentration-dependent with a half-maximally
effective concentration of 2 nM. Increases in phospholipid
methylation and ACTH release occurred in parallel and in a
linear fashion over a 15- to 60-min incubation with CRF. An-
alogues of CRF showed a similar relative order of potency in
stimulating both phospholipid methylation and ACTH secre-
tion. Met(O)21-CRF was less potent than CRF was in stimulat-
ing phospholipid methylation and ACTH secretion in the tumor
cells (4). CRF-OH had no effect on either ACTH release or
phospholipid methylation.

Additional evidence for the involvement of phospholipid
methylation in ACTH secretion was obtained with methyl trans-
ferase inhibitors. After preincubation of the cells with the
methyl transferase inhibitors 3-deazaadenosine plus L-homo-
cysteine thiolactone, both CRF-stimulated phospholipid meth-
ylation and CRF-stimulated ACTH release were considerably
reduced. If phospholipid methylation is associated with CRF-
induced ACTH secretion, agents that inhibit secretion of the
hormone also should inhibit phospholipid methylation. The
glucocorticoid dexamethasone reduced both basal and CRF-
stimulated phospholipid methylation and ACTH release in a
concentration-dependent manner.

Preliminary findings in primary cultures of dispersed rat an-
terior pituitary cells also showed that CRF stimulated phos-
pholipid methylation and ACTH release (unpublished obser-
vation). However, because of the heterogeneity of the cell
population and low cell number, it was difficult to adequately
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FIG. 4. TLC of [3H]methylated phospholipids. Cells were incu-
bated with (o) or without (e) 10 nM CRF for 90 min and [3H]methyl-
containing phospholipids were extracted. Chloroform/methanol ex-
tracts of phospholipids were chromatographed on silica gel G in chlo-
roform/propionic acid/n-propyl alcohol/water, 30: 20: 60: 10 (vol: vol).
Each value on the chromatogram was normalized with regard to pro-
tein and total cpm in the sample and represents the mean from three
culture wells. Arrows: A, lysoPtdCho; B, PtdCho; C, PtdEtnMe2; D,
PtdEtnMe; E, PtdEtn.

quantitate the CRF effect on phospholipid methylation. None-
theless, the similar effect ofCRF on phospholipid methylation
in both the pituitary tumor cells and normal anterior pituitary
cells support the use of the tumor cells as a model system to
study the role of phospholipid methylation in CRF action.
CRF has been shown to stimulate the synthesis and the se-

cretion ofACTH in the pituitary tumor cells (4). Although it is
not known if CRF stimulates synthesis and secretion through
similar or different mechanisms, phospholipid methylation may
possibly play a role in CRF regulation ofACTH synthesis. In-
hibition of CRF-stimulated phospholipid methylation by dexa-
methasone, a compound which inhibits ACTH synthesis and
secretion (4, 9), also suggests that phospholipid methylation
may be associated with ACTH synthesis.

Evidence presented also suggests that CRF stimulation of
ACTH release may not be dependent solely on phospholipid
methylation. The methyltransferase inhibitors 3-deazaadeno-
sine and L-homocysteine thiolactone completely inhibited CRF
stimulation of phospholipid methylation but only partially in-
hibited CRF stimulation ofACTH release. CRF was able to in-
duce some ACTH secretion even without an increase in phos-
pholipid methylation. Furthermore, TLC of the chloroform/
methanol-extracted radioactive products showed that, in ad-
dition to stimulation of [3H]methyl incorporation into Ptd-
EtnMe2 and PtdCho, CRF also stimulated the incorporation of
radioactivity into other unidentified products. These may rep-
resent methylation of unidentified compounds, and the peak
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FIG. 5. Effect of 3-deazaadenosine and L-homocysteine thiolactone
on CRF-stimulated phospholipid methylation (A) and ACTH release
(B). Cells were preincubated without (ED) or with (1) 100 AM 3-deaza-
adenosine and 100 p.M L-homocysteine thiolactone and then further
incubated in the presence or absence of CRF.

at the origin may also include [3H]methionine incorporated into
proteins. Thus, other chloroform/methanol-extracted com-
pounds may be related to CRF action.

In some receptor-mediated cellular processes such as IgE-
mediated histamine release (13) and chemotaxis in neutrophils
(14), a cascade of biochemical events after phospholipid meth-
ylation has been hypothesized to occur as follows. Receptor-
mediated synthesis of PtdCho through methylation of PtdEtn
may be followed by Ca++-dependent activation of phospholi-
pase A2 to yield arachidonic acid and lysolecithin from PtdCho.
The arachidonic acid may be further metabolized to yield bio-
logically active compounds such as prostaglandins and leuko-
trienes. Phospholipase A2 activity has been found to be regu-
lated by a protein lipomodulin (20, 21). Whether all or any part
of this cascade is associated with CRF stimulation ofACTH re-
lease remains to be determined.
CRF has been found to stimulate other methyl transferase

reactions besides phospholipid methylation. We have found
that protein carboxyl-methylation is associated with CRF stim-
ulation ofACTH secretion in the tumor cells (unpublished data).
Preliminary findings have shown that cellular cAMP levels
were increased by CRF, implying a role for cAMP-dependent
protein kinase(s). Investigations on the complex interrelation-
ships among these biochemical processes will be important to
deduce the molecular mechanism of CRF action.

Biochemistry: Hook et aL
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FIG. 6. Effect of dexamethasone on phospholipid methylation (A)
and ACTH release (B). Cells were preincubated for 20 hr with various
concentrations of dexamethasone in 90% Dulbecco's modified Eagle's
medium/10% fetal calf serum and then incubated with (o) or without
(0) 10 nM CRF. Phospholipid methylation and ACTH immunoreactiv-
ity released were measured in the same sample.

In conclusion, phospholipid methylation in conjunction with
other biochemical processes may be involved in CRF receptor-
mediated stimulation ofACTH release in pituitary tumor cells.
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